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(54) SOI Substrate formed by bonding 

(57) A process for manufacturing a semiconductor 
substrate, comprising the step of preparing a first sub- 
strate which has a surface layer portkxi subjected to hy- 
drogen annealing, the separation-layer formation step 
of implanting kxis of hydrogen or the like into the first 
substrate from the side of the sudace layer portkxi. 
thereby to form a separatkin layer, the adhesion step of 
bonding the first substrate and a second substrate to 
each other so that the surface layer portkxi may lie in- 
skle, thereby to form a multilayer structure, and the 
transfer step of separating the multilayer structure by 
utilizing the separation layer, thereby to transfer the 
less-defective layer of the surface layer portion onto the 
second substrate. The less-defective layer is a single- 
crystal silicon layer in which defects inherent in a bulk 
wafer, such as COPs and FPDs, are decreased. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a process for 
manufacturing a semiconduclor substrate as well as a 
semiconductor thin film. More particularly, il relates to 
processes lor manufacturing a semtconductor substrate 
which has a single-crystal semiconductor layer on an 
insulator layer, and a single-crystal compound semicon- 
ductor which overlies a Si (silicon) substrate. Further, it 
relates to a multilayer structure suitable for an electron 
device or an integrated circuit which is to be produced 
in a single-crystal semiconductor layer, and a process 
for manufacturing the multilayer structure- 
Related Background Art 

[0002] The formation of a single-crystal Si semicon- 
ductor layer on an insulator has been extensivety known 
as 'silicon on insulator (SOI)" technology. Since devices 
utilizing the SOI technokjgy have numerous advantages 
unattainable with conventkxial bulk Si substrates for 
producing Si integrated circuits (ICs), many researches 
have been made. More specifically, the utilization of the 
SOI technokjgy brings forth such advantages as follows: 

(1) Dielectric isolation is easy enough to heighten 
the density of integration. 

(2) A resistance against radtatk^n is excellent. 

(3) A stray capacitance can be k>wered to achieve 
a higher operating speed. 

(4) The steps of forming wells can be dispensed 
with. 

(5) The device can be prevented from latching up. 

(6) A fully depleted FET (fiekj-eff ect transistor) can 
be produced owing to thinned films. 

(These features are detailed in, for example, Special Is- 
sue: 'Single -crystal silicon on non-single<rystal insula- 
tors* edited by G. W. Cullen. Journal of Crystal Growth, 
volume 63, no. 3, pp. 429-590 (1983).) 
[0003] Further, in recent several years, SOI has been 
reported in a large number of papers as a substrate 
whch realizes the higher operating speed artd k)wer 
power dissipatbn of a MOSFET (Metal-Oxide-Semcon- 
ductor FET) (IEEE SOI Conference 1994). 
[0004] Besides, with an SOI structure wherein a sup- 
porting substrate is overlaid with an SOI layer through 
an insulator layer, the insulator layer comes to exist un- 
der circuit elements, and hence, an element isolating 
process can be simplified as compared with that in the 
case of forming elements on a bulk Si wafer As a result, 
a process for producing a device whk;h empk>ys the SOI 
structure is shortened. 

[0005] That is, a MOSFET or an IC whk:h is produced 



on the SOI is expected of. conjointly with enhancement 
in performance, curtailment in a wafer cost and a proc- 
ess cost in total as compared with that which is produced 
on bulk Si. 

5 [0006] Among all such devices, the fully depleted (FD) 
MOSFET is expected to heighten its operating speed 
and fc)wer its power dissipation owing to an enhanced 
driving force. In general, the threshold voltage (V^,) of a 
MOSFET is determined by the impurity concentratk>n of 

10 the channel thereof. In the case of the FD ls40SFET em- 
ptoying the SOI, however, the thckness of the depletion 
layer thereof is also affected by the film thickness and 
film quality of the SOI. 

[0007] Accordingly, uniformity in the thickness of an 
'5 SOI film and enfiancement in the quality of the SOI film 
have been eagerly desired for producing a large-scale 
integrated circuit (LSI) at a good available percentage. 
[0008] Researches on the formation of SOI sub- 
strates have been vigorous since the 1970's. Earnestly 
20 studied at the earty stage were a process (SOS: Silkx>n 
on Sapphire) wherein single-crystal Si is hetero-epitax- 
ially grown on a sapphire substrate being an insulator, 
a process (FIPOS: Full Isolatkxi by Porous Oxkiized Sil- 
icon) wherein an SOI structure is formed by dielectrk; 
2S isolatkxi based on the oxidation of porous Si, and oxy- 
gen on implantatkxi. 

[0009] Apart from the processes for forming the SOI 
substrates as mentioned above, processes for forming 
SOI substrates as are called "txxiding or adhesion tech- 
no nk^ues' have been being established in recent years. 
[001 0] One of the bonding technques is stated by M. 
Bruel in •Electronk;s Letters. 31 (1995). p. 1201". the 
offictaf gazette of Japanese Patent Apptk^atkxi Laid- 
Open No. 5-211128, and U. S. Patent No. 5.374,564. 
35 [0011] This bonding technk^ue is a process termed 
'Smart Cut Process" (registered tradenr^rk), whk;h con- 
sists chiefly of five steps and whk:h will be explained 
bek>w in conjunctbn with the drawings. 
[001 2] (First Step) A first stikxxi substrate (bulk wafer) 
40 41 having an oxide film 43 on its surface is prepared as 
shown in Fig. 24. 

[0013] (Second Step) The first sitkxxi substrate 41 is 
implanted with hydrogen kxis f ronri the skle of the oxkle 
film 43 (Fig. 25). The hydrogen ions are implanted down 

45 to a desired depth at whk:h the substrate 41 is to be 
separated by the later step. A layer 44 of minute gase- 
ous bubbles called 'mcrobubbles' or 'microblisters* is 
formed in a region implanted with the hydrogen ions. 
[001 4] (Third Step) The resulting first silicon substrate 

so 41 and a second substrate 46 to become a supporting 
substrate are bonded to each other so that the oxide film 
43 nr^ay lie inside (Fig 26). 

[0015] (Fourth Step) After the bonding, the resulting 
structure is heat-treated at low temperatures of 400** C 
ss to 600*C or so. Then, as shown in Fig. 27. the first sub- 
strate 41 having been bornJed on the second substrate 
46 is separated or divided with the boundary at the 
minute bubble layer 44. More specifically, the heat treat- 
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ment rearranges the crystals of the minute bubble layer 
44 and also causes the microbubbles to coalesce, 
wtiereby gaseous niacrobubbles are produced. Pres- 
sures within the macrobubbles act to highly stress the 
minute bubble region and the vicinity thereof. Conse- 
quently, the substrate 41 is separated at the bubble layer 
44. 

[0016] (Fifth Step) Thereafter, the resulting structure 
which includes the supporting substrate 46 is heat-treat- 
ed at high temperatures in order to stabilize the interface 
of the bonding and to heighten the strength thereof. Sub- 
sequently, the minute bubble layer 44 which renrkains on 
an sot layer 42 as shown in Fig. 27 is polished away as 
shown in Fig. 28. 

[0017] Via the above steps, the first silicon substrate 
(bulk wafer) is partly transferred onto the second sub- 
strate, and the SOI substrate can be obtained. 
[0018] In the case where the SOI layer is formed by 
utilizing the implantation wrth the ions of hydrogen or the 
like as stated above, the ion-implanted region substan- 
tially determines the thickness of the SOI layer. It is 
therefore important how the desired implantatkxi region 
(thickness of the SOI layer) is defined at a high control- 
lability. 

[001 9] Besides, since the SOI layer itself is formed on 
the basis of the bulk wafer, it involves defects or flaws 
peculiar to the bulk wafer, such as OSFs (Oxklatkxi In- 
duced Stacking Faults). COPs (Crystal Originated Par- 
ticles) and FPDs (Fk5w Pattern Defects). 
[0020] Herein, the defects of the OSFs etc. form caus- 
es for irKreasing a leakage current when they exist in 
an element operation region near the surface of the wa- 
fer. It has therefore been desired to establish a process 
for manufacturing an SOI substrate which is free from 
the OSFs etc. or in whch the OSFs etc. are less. 
[0021] By the way, the OSFs and COPs (HWekazu 
Yamamoto: 'Problems of Large-iliameter Silkxxi Wafer 
to be Solved". 23rd UKraclean Technology College (Aug. 
1996)) and the FPDs (T. Abe: Extended Abst. Electro- 
chem. Soc., Spring Meeting, vol. 95-1. p. 596 (May. 
1995)) will be explained later. 

SUMMARY OF THE INVENTION 

[0022] An object of the present invention is to provide 
a process for manufacturing a semiconductor thin film 
in which the number of defects may be made smaller 
and whose thickness may be highly uniform. 
[0023] Another object of the present inventon is to 
provide a process for manufacturing an SOI sut^trate 
in whch the thckness of an SOI layer may be highly 
uniform. 

[0024] Another object of the present inventbn is to 
provide a process for manufacturing a semkxxxductor 
thin film whkrfi may be free from defects peculiar to a 
bulk silicon wafer, such as OSFs, COPs and FPDs. or 
in which they are less. 

[0025] Still another object of the present invention is 



to provide a process for manufacturing an SOI substrate 
which is made more economical by reusing a substrate 
material in the manufacture of the SOI substrate based 
on a bonding technique. 

5 [0026] By the way in the present invention, the ex- 
presskx) "SOI substrate" shall cover, not only a sub- 
strate which has a single-crystal silicon layer (SOI layer) 
on an insulator layer, but also a substrate which has a 
compound semiconductor layer of GaAs. InP or the like 

to on a supporting substrate. 

[0027] The process of the present invention for nr^n- 
ufacturing a semiconductor substrate is characterized 
by comprising the step of preparing a first substrate 
which has a surface layer portion subjected to hydrogen 

IS annealing; the separation-layer formation step of im- 
planting ions of at least one element selected from the 
group consisting of hydrogen, nitrogen and rare gases, 
into satd first substrate from a skle nearer to saki surface 
layer portion, thereby to form a separation layer; the 

20 bonding step of bonding sa'td first substrate and a sec- 
ond substrate to each other so that sad surface layer 
portion may lie inskle, thereby to form a multilayer struc- 
ture; and the transfer step of separating sakI multilayer 
structure by utilizing saki separation layer, thereby to 

2S transfer at least part of said surface layer portkxi onto 
saki second substrate. 

[0028] The process of the present invention for nr^an- 
ufacturing a semiconductor substrate is also character- 
ized in that, in said surface layer portion of said first sub- 
30 strate transferred on said second substrate, the number 
of COPs per unit wafer decreases with a depth of said 
surface layer porton as measured from an outside sur- 
face thereof. 

[0029] The process of the present invention for man- 
35 ufacturtfig a semkxxiductor substrate is further charac- 
terized by the step of heat-treating said surface layer 
portion of eatd first substrate transferred on said second 
substrate, in a reducing atmosphere containing hydro- 
gen, after saki transfer step. 
40 [0030] (n another aspect of performance, the process 
of the present invention for nwiufacturing a semcon- 
ductor substrate is characterized by comprising the step 
of preparing a first silicon substrate whk^h has a surface 
layer portkxi subjected to hydrogen annealing; the sep- 
<s aration-layer formatkxi step of implanting ions of at least 
one element selected from the group consisting of hy- 
drogen, nitrogen and rare gases, into said first silbon 
substrate from a skie nearer to saki surface layer por- 
tkxi. thereby to form a separatkxi layer; the step of bond- 
so ing said first substrate and a secorKi substrate to each 
other, thereby to form a multilayer structure; the step of 
heat-treating the first and second substrates at a first 
temperature while saki multilayer structure is being 
formed or after saki multilayer structure has been 
ss formed; the transfer step of separating saki multilayer 
structure at said separatkxi layer, thereby to transfer at 
least part of said surface layer portion onto said second 
substrate; and the step of heat-treating saki surface lay- 
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er portion transferred on said second substrate, at a sec- 
ond heat-treating temperature which is higher than the 
first heat-treating temperature. 

[0031] In addition, the process of the present inven- 
tion lor manufacturing a semiconductor Ihtn film is char- s 
acterized by comprising the step of preparing a first sil- 
icon substrate which has a surface layer portion subject- 
ed to hydrogen annealing: the separation -layer forma- 
tion step of implanting ions of at least one element se- 
lected from the group consisting of hydrogen, nitrogen lo 
and rare gases, into said first silicon substrate from a 
side nearer to said surface layer portion, thereby to form 
a separation layer; and the separation step of separating 
at least part of said surface layer portion at said sepa- 
ration layer. is 
[0032] Furthernx>re, the process of the present inven- 
tion for manufacturing a semiconductor substrate is 
characterized by comprising the step of heat-treating a 
silicon substrate in a reducing atmosphere which con- 
tain hydrogen; the separation-layer formation step of ffn- 20 
planting kxis of at least one element selected from the 
group consisting of hydrogen, nitrogen and rare gases, 
into said silicon substrate from a side nearer to said sur- 
face layer portion, thereby to form a separation layer; 
the bonding step of bonding said silicon sut>strate and 
a second substrate to each other, thereby to form a mul- 
tilayer structure: and the transfer step of separating said 
multilayer structure at said separation layer, thereby to 
transfer at least part of said surface layer portion onto 
said second substrate. 30 
[0033] A multilayer structure according to the present 
invention is a multilayer structure wherein a first silicon 
substrate and a second substrate are bonded to each 
other, the first silicon substrate including therein a sep- 
aration layer which has been formed by implanting ions 3S 
of at least one element selected from the group consist- 
ing of hydrogen, nitrogen and rare gases; characterized 
in that said first silicon substrate includes in Ks surface 
a surface layer portion which has been formed by hy- 
drogen annealing. ^ 
[0034] The process of the present invention for peel- 
ing off a semiconductor thin film is characterized by 
comprising the step of preparing a silicon substrate 
which irKludes in its surface a surface layer portion sub- 
jected to hydrogen annealing: the step of implanting ions ^ 
of at least one element selected from the group consist- 
ing of hydrogen, nitrogen and rare gases, from a side 
nearer to said surface layer portion, thereby to form a 
separation layer arxJ the step of peeling off at least part 
of said surface layer portion by utilizing said separation so 
layer 

[0035] A nunr^er of emtxxfiments of the invention will 
now be described, by way of exarriple only, with refer- 
ence to the accompanying drawings, in which: 

55 

Fig 1 is a flow chart showing an example of a proc- 
ess for HDanufacturing a semiconductor substrate in 
accordance with an emlxxJiment of the present in- 



vention; 

Figs. 2. 3, 4, 5 and 6 are schematic sectional views 
showing an example of a process for manufacturing 
a semiconductor substrate in accordance with an 
embodiment of the present invention; 
Figs. 7. e. 9. 10 and 11 are schematic sectior^l 
views showing another example of a process for 
manufacturing a semiconductor substrate in ac- 
cordance with an emtxxjiment of the present inven- 
tion: 

Figs. 12, 13 and 14 are schennatic sectional views 
showing still another example ol a process for nnan- 
ufacturing a semiconductor substrate in accord- 
ance with an emtxxjiment of the present invention; 
Fig. 15 is a schematic sectional view showing a sit- 
uation where hydrogen annealing is carried out by 
the use of a vertical type batch furnace for heat- 
treating wafers, in an embodiment of the present in- 
vention; 

Fig. 1 6 is a graph showing the temperature^Jepend- 
encies of etching rates dependent upon the mate- 
rials of surfaces opposing to substrates, in an em- 
bodiment of the present invention; 
Fig. 17 is a graph showing the quantities of etching 
by hydrogen annealing in the cases where silicon 
and silicon dioxide oppose, in an embodiment of the 
present invention; 

Fig. 18 is a graph showing the number of silicon at- 
oms removed by hydrogen annealing in the cases 
where silicon and silicon dioxide oppose, in an em- 
txxJiment of the present invention: 
Fig. 1 9 is a schematic sectional view showing an 
example of arrangement in the case where the ma- 
terial of an opposing surface is oxidized silicon, in 
an embodiment of the present invention; 
Figs. 20 and 21 are schematic sectional views for 
explaining an operational eflect based on an etch- 
ing method in an embodiment of the present inven- 
tion; 

Fig. 22 is a schematic sectior^l view showing the 
arrangement of semiconductor substrates within a 
vertical type furnace, in an emtxxJiment of the 
present rivention: 

Fig. 23 is a graph showing the relationships be- 
tween a depth from a wafer surtace and the number 
of COPs per unit wafer; 

Figs. 24, 25. 26, 27 and 28 are schematic sectional 
views showing a prior -art process for manufacturing 
an SOI substrate; and 

Figs. 29. 30 and 31 are scherr^tic sectional views 
showing an example of a process for nr^anufacturing 
an SOI substrate. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0036] First, an embodiment of the present invention 
will be fundamentally described with reference to Fig. 1 
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which illustrates the flow chart of a process for manu- 
lacturing a semiconductor substrate. 
[0037] A first substrate is prepared which has a sur- 
face layer portion subjected to hydrogen annealing, in 
at least one principal surface thereof (step SI). 
[0038] Subsequently, the ions of hydrogen or the like 
are implanted into the first substrate, thereby to form a 
separation layer at a predetermined position within the 
first substrate (step S2). 

[0039] Besides, the first substrate and a second sub- 
strate are bonded to each other so that the principal sur- 
face may lie inside, thereby to form a multilayer structure 
(step S3). Thereafter, the multilayer structure is sepa- 
rated by utilizing the separation layer (step S4). 
[0040] The SOI substrate having a thin film (SOi layer) 
wtx>s6 thickness is uniform and in which defects such 
as OSFs and COPs are in a very small nunrU)er, can be 
manufactured via the above steps SI to S4 and a finish- 
ing step S5. 

[0041] Next, an embodiment of the present tnventkxi 
will be coTKfetely described with reference to Figs. 2 to 

6. 

[0042] A first substrate 10 which has a surlace layer 
portion 1 2 subjected to hydrogen annealing, in one prin- 
cipal surlace thereof, is prepared as shown in Fig. 2. 
The surface layer portion 12 can be formed in such a 
way that a bulk wafer serving as a seed is heat-treated 
in a reducing atmosphere which contains hydrogen 
(hereinbek^w, the heat treatment shall be termed 'hy- 
drogen annealing'). The expression "surface layer por- 
tion' in the present inventkxi is intended to mean a layer 
(less-defective layer) in whk^ defects ascribable to the 
bulk wafer, such as OSFs. COPs and FPOs. are less- 
ened or decreased in number (hereintTek^w. the "surface 
layer portion' shall be also expressed as the 'less-de- 
fective layer' ). 

[0043] Numeral 1 1 designates a regk^n where the ef- 
fect of decreasing the defects of the OSFs. COPs etc. 
by the hydrogen annealing is lower. Of course, the first 
substrate 10 may well be entirely formed into the less- 
defective layer 12. Irx^identally, although the less-defec- 
tive layer 12 and the regkxi 11 are illustrated in Fig. 2 
so as to change abruptly at a certain boundary, actually 
they change gradually witfiout any strk:t boundary. Both 
surlace layers of the first substrate 10 may be less-de- 
fective layers. 

[0044] It is also alk>wed to perform the succeeding 
steps after circuit elements such as MOSFETs have 
been formed in the less-defective layer 12. 
[0045] Subsequently, as shown in Fig. 3. the tons of 
hydrogen or the like are implanted into the first substrate 
10, thereby to form a separatkxi layer 14. 
[0046] The separation layer 14 should desirably be 
formed within the less-defective layer 12. or at the inter- 
face between the region 1 1 and the less-defective layer 
12. In a case where the separatkxi layer 14 has been 
formed within the less-def ecttve layer 1 2. this less-de- 
fective layer 12 is divided into a layer 16 (hereinbek>w, 



e 

termed 'SOI layer") which overlies the separation layer 
14. and a layer 17 whkrh underlies it. Alternativety. the 
separation layer 1 4 may be lormed within the region 1 1 . 
[0047] It is also alk^wed to form an insulator layer 1 3 

s before or after the ion implantation. The level ol a bond- 
ing interlace can be spaced from the active layer (SOI 
layer) 16 by the insulator layer 1 3. In partcular. the for- 
matk>n of the insulator layer 13 before the step of the 
ion implantation is also effective to prevent the surface 

10 of the less -defective layer 12 from roughening due to 
the ton implantation. Especially when the insulator layer 
13 is formed by oxidizing the surface of the less-defec- 
tive layer 12, it can be used as the buried oxide film of 
an SOI wafer by bonding the resulting first substrate 10 
to a second substrate 1 5 as it is. 
[0046] At the next step, the first substrate 1 0 is bond- 
ed with the second substrate 15 so that the less-defec- 
tive layer 12 may lie insKle. Then, a multilayer structure 
18 is formed (Fig. 4). 

20 [0049] Thereafter, as shown in Fig. 5. the multilayer 
structure 1 6 is separated by utilizing the separatk>n layer 
1 4. Herein, the multilayer stnjcture 1 8 may be separated 
either wKhin the separatkxi layer 14 or at the interface 
of the separation layer 14 nearer to the regkxi 11 or to 

25 SOI layer 16. Alternatively, the multilayer structure 18 
may be separated within the separation layer 14 at a 
part and at the interface of the separatkxi layer 1 4 at 
another part. 

[0050] Thus, a semiconductor substrate in whch the 

30 SOI layer 1 6 is transferred or nrK>ved on the second sub- 
strate 15 is lormed as shown in Fig. 5. Since the SOI 
layer 16 has been formed on the basis of the less-de- 
fective layer 1 2. it is quite free from, or is much relieved 
from, the defects of the OSFs. COPs etc. peculiar to the 

3S bulk wafer. 

[0051 ] In the case where the separation layer 14 has 
been formed within the regkxi 11 . the unnecessary parts 
of the region 11 etc. are also attowed to renrxsve by pol- 
ishing, etching with a liquid etchant. or etching based on 

^ hydrogen annealing, after the transfer step until the SOI 
layer 16 (less-defective layer 12) is exposed. 
[0052] According to an embodiment of the present in- 
ventkxi. especially when the separatkxi layer 14 has 
been formed within the less-defective layer 12. the im- 
planted ions are less scattered by the defects of the OS- 
Fs, COPs etc. at the step of the separatkxi. It is accord- 
ingly permitted to form the separatkxi layer 14 whose 
thickness is more uniform than in the case of forming 
the separatkxi layer in the region where the defects of 

50 the COPs are large in number. In other words, it is per- 
mitted to enhance uniformity in the thickness of the SOI 
layer 16. 

[0053] Besides, in a case where part of the separation 
layer 1 4 and/or part of the region 1 1 remains on the SOI 
ss layer 1 6 after the separation, they (it) are (is) removed, 
whereby the semkxxiductor substrate intended by the 
present invention is finished up (Fig. 6). 
[0054] IrKktentally. the first substrate 10 (particularly 
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the region 11) obtained after the separation can be re- 
used for the process for manufacturing the semiconduc- 
tor substrate as stated above. In this case, when part of 
the separation layer 14 remains on the region 11. it is 
removed, and when the surlace of the first substrate 10 
is too rough to be allowable, it is subjected to a flattening 
treatment. Thereafter, the resulting first substrate 1 0 can 
be utilized as the new first substrate again. Of course, 
it can also be utilized as the second substrate 15. 
[0055] When the less-defective layer 12 is fomied 
thicker beforehiand. it can be resupplied without per- 
forming the hydrogen annealing in the next reuse of the 
first substrate 10. 

[0056] Now. the individual constituents and steps of 
the semiconductor substrate according to an embodi- 
ment of the present invention will be described tn detail. 

(First Substrate) 

[0057] A bulk silicon wafer, especially a CZ silicon wa- 
fer, is used as the starting material of a first 8ut>strate 
10. It is suitable to erriploy the first substrate 10 having 
a surlace layer portion 1 2 in which the defects of COPs 
(Crystal Origiriated Partkiles) etc. are lessened in 
numt>er by subjecting the raw rrwterial wafer to hydro- 
gen annealing. 

[0058] The *CZ silicon wafer* is a silicon substrate 
which is nranufactured by the pulling method (Czochral- 
ski method). The CZ wafer involves large numbers of 
defects peculiar to the bulk wafer, such as OSFs (Oxi- 
dation Induced Stacking Faults), COPs. and FPDs 
(Ftow Pattern Defects). 

[0059] Here, the *OSFs" are such that minute defects 
introduced in the growth of a crystal wafer so as to serve 
as the nucleus thereof are actualized by an oxidation 
process. By way of example, the OSFs of ring shape are 
sometimes observed when a wafer surlace is subjected 
to wet oxidatkxi. 

[0060] On the other hand, the "COPs" and "FDPs* 
which can be observed without performing any heat 
treatment are considered defects (grown-in defects) as- 
cribabte to the same cause, and they are not strictly de- 
fined and distinguished. Ftoughly speaking, however, 
the former defects 'COPs' signify etch pits which can 
be detected with a fine-grain detector or a foreign-matter 
inspection device t>ased on light scattering, after the wa- 
fer has been immersed in the SC-1(NH40H/H202) so- 
lution t>eing one of the constituent liquids of the RCA 
washing liqukJ. The latter defects 'FOPs' signify etch 
pits which are observed with an optical microscope after 
the wafer fnas been immersed in the Secco sotutk>n 
(K2Cr207/HF/H20) lor at>out 30 minutes. 
[0061] Inckjenlalty, the causes of the defects such as 
the OSFs. COPs and FPDs have not been exactly clar- 
ified yet. It has been reported, however, that all the de- 
fects correlate intensely with the concentratkxi of oxy- 
gen contained in the wafer, and tf^t the defects of the 
OSFs etc. are liable to arise when the oxygen concen- 



tration is high (in, lor example, 'Problems of Silicon 
Crystal and Wafer Technology' issued by Realize Inc.. 
p. 55). 

[0062] Next, the less-defective layer 12 which is 

s lormed by the hydrogen annealing will be explained. 
[0063] Usually, the CZ silicon wafer contains oxygen 
in the order of 10'® atoms/cm^. When the wafer is sub- 
jected to the hydrogen annealing, the oxygen contained 
in this wafer is out-diffused to tower the oxygen concen- 

10 tralions of a wafer surface and the vicinity thereof. 
[0064] Owing to the lowering of the oxygen concen- 
trations, the surface layer portkxi of the wafer is re- 
formed HDore. so that the less-defective layer 1 2 in which 
the defects of the COPs. OSFs etc. are lessened in 

IS number can be formed. By way of example, the OSFs 
appear in such a manner that oxygen atorrts gather to 
a precipitatk)n nucleus and incur oxygen precipitatkxi. 
whereupon the defects (stacking faults) grow with the 
precipilatk^n nucleus as a point of origin. 

20 [0065] BeskJes, the COPs exist at a density of 10^ to 
lO^/cfTT* in the CZ silicon wafer. In case of a CZ wafer 
of, for example, 8 inches, COPs in the order of 400 to 
500 partk^les per unit wafer exist in the vk^inity of the 
surlace of the wafer. However, when the CZ silicon wa- 

25 ler is subjected to the hydrogen annealing, the numt>er 
of the COPs suddenly decreases down to about 10 in 
the vicinity of the surface. That is. a layer (DZ layer; De- 
nuded Zone layer) which is substantially defectless is 
formed. Incidentally, the 'number per unit wafer* in the 

30 present inventk>n signifies the 'numt>er of the defects 
such as COPs per surface area occupied by one wafer". 
By way of example, in the case of the 8-inch wafer, the 
"number per unit wafer' is the number of the COPs rel- 
ative to approximately 324 cm^. 

35 [0066] In this manner, when the CZ silkxxi wafer sub- 
jected to the hydrogen annealing is emptoyed. the de- 
fects of the COPs etc. existent in an SOI layer 16 whch 
is to be transferred onto a secornj sut>strate 15 can be 
nullified or decreased, and uniformity in the thckness of 

40 the SOI layer 16 can be enhanced. 

[0067] The thrckness of the less-defective layer 12 
which is formed by the hydrogen annealing shoukJ pref- 
erably be in the order of 500 to 6000 nm though it de- 
pends also upon the thk^kness of the SOI layer 16 which 

45 is to be transferred onto the second substrate 15. 

[0068] The concentration of oxygen in the less-defec- 
tive layer 12 shoukJ be 5 X 10'^ atoms/cm^ or bebw. it 
ShoukJ preferably be 1 X 10'^ atoms/cm^ or bek>w, and 
it should rT>ore preferably be 5 X 10*® atoms/cm^ or be- 

so low. 

[0069] Further, it is desirable that the concentration of 
oxygen in a separation layer 14 whch is formed by im- 
planting tons (s irKluded in the range specified above. 
[0070] The density of COPs per unit volume in the 
55 less-defective layer 1 2 shoukJ lie from 0 partcle/cm^ to 
5 X 10® partcles/cm^ or betow, it should preferably tie 
from 0 partrcle/cm^ to 1 x 10® parlKles/cm^ or bek5w. 
and ft shouW mofe preferably lie from 0 partcle/cm^ to 
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1X10^ particles/cm^ or below. It is especially desirable 
that the density of COPs in a depthwise region extend- 
ing from the outerrriost surface of the surface layer por- 
tion 12 to the projection range of the ion implantation 
lies within the values specified above. 
(0071] Besides, in the case of the 8-inch wafer, the 
number of COPs per unit wafer in the less-defective lay- 
er 1 2 should lie from 0 to 500 or below, it should prefer- 
ably lie from 0 to 100 or below, it should more preferably 
lie from 0 to 50 or below, and it should still more prefer- 
ably lie from 0 lo 10 or below. Incidentally, the distribu- 
tion of the COPs in the surface of the wafer is such that 
the COPs have an intense tendency to concentrate in 
the vicinity of the center of the wafer extending within 
about 6 cm from the center. It is therefore desired that 
the number of COPs per unit wafer is substantially equal 
to the value in the 8-inch wafer, even in a 12-inch wafer 
or a larger wafer. 

[0072] In addition, the number of COPs per unit area 
in the wafer surface should lie from O/cm^ to 1 .S/cm^ or 
below, it should preferably lie from O/crx^ lo O.S/cm^ or 
below, and it should more preferably lie from 0/cm2 to 
O.OS/cm^ or below. 

[0073] Further, it is desirable that the density of COPs 
per unit volume (or per unit area) ki the separation layer 
14 falls within the above range. 
[0074] Also, the number of FPDs per unit area in the 
less-defective layer 1 2 should lie from 0/cm2 to 5 x 10^/ 
cm2 or below, and it should preferably lie from O/cnn^ to 
1 X 10?/cm2 or below. 

[0075] Besides, in case of specifying the tess^efec- 
tive layer 12 in terms of OSFs, the density of the OSFs 
per unit area should lie from 0 fault/cm^ to 100 faults/ 
cm2 or below, it should preferably lie from 0 fault/cm^ to 
50 faults/cm^ or below, artd it should more preferably lie 
from 0 fault/cm2 to 10 faults/cm^ or below. 
[0076] The less-defective layer 1 2 is formed by heat- 
treating the raw material of the first substrate 10 in a 
reducing atnrx>sphere which contains hydrogen. The at- 
mosphere may be hydrogen gas, or a mixed gas con- 
sisting of hydrogen and a rare gas (such as Ar. He. Ne. 
Xe, Kr). 

[0077] A temperature for the hydrogen annealing 
should lie from 500**C to below the fusion point of the 
material of the first substrate 10, it should preferably lie 
from 800°C to below the fusion point of the material of 
the first substrate 10. and it should nxxe preferably lie 
from lOOO'C to below the fusion point of the material of 
the first substrate 10. 

[0078] In a case where the first substrate 10 is a sili- 
con substrate (the fusion point of silicon is about 
1412**C). the annealing temperature should preferably 
lie from 800°C to 1350*'C in consideration of the diffu- 
sion rate of oxygen and a burden on a heat-treating fur- 
nace. It should more preferably lie from 900° C to 
1250*C. 

[0079] The pressure of the hydrogen containing at- 
mosphere for the hydrogen annealing may be any of the 



atmospheric pressure, a reduced pressure and a raised 
pressure. It is suitable to perform the hydrogen anneal- 
ing under the atmospheric pressure, or under a pressure 
between the atmospheric pressure (1 x 10^ Pa) and 1 

5 X 10^ Pa. It is more suitable to perform the hydrogen 
annealing under a slightly reduced pressure which is 
about 100 mmHjO lower than the atmospheric pres- 
sure. In particular, when the hydrogen annealing is per- 
formed under a reduced pressure, the defects of the 

10 COPs etc. can be lessened more effectively on the basis 
ol the out-diffusion of oxygen etc. though the lessening 
effect depends also upon the construction of the heat- 
treating furnace. 

[0080] The furnace for the hydrogen annealing may 
IS be a vertical type heat-treating furnace or horizontal type 
heat-treating furnace which is ordinarily used. A heater 
which can be employed is any of a resistance heatisr. a 
radio-frequency heater, etc. 

[0081] Alternatively, the hydrogen annealing can be 
20 performed by lamp heating which utilizes thermal radi- 
ation and which is employed for RTA (Rapid Thermal 
Annealing). A rapid annealing device in this case may 
be. for example, an infrared annealing device based on 
a halogen lamp, an arc lamp or the like, or a flashlamp 
2S annealing device based on a xenon flash lamp or the 
like. Especially in the case of the lamp heating, the hy- 
drogen annealing is possible in a short time. 
[0082] A time period required for the hydrogen an- 
nealing should be between several seconds and several 
30 tens hours, and shoukJ preferably be between several 
seconds and several hours. 

[0083] By the way. in the case where the less-defec- 
tive layer 12 has been formed by subjecting the CZ sil- 
icon wafer to the hydrogen annealing, the numt>erof de- 

35 fects (for example. COPs) per unit wafer as to the less- 
defective layer 12 sfiown in Fig. 2 is the smallest at the 
outer surface thereof, and it enlarges more at the deeper 
part of the wafer. In case of manufacturing an SOI sub- 
strate by the bonding technique (adhesion method), the 

40 number of the COPs in the SOI layer 16 shown k\ Fig. 
6 is the smallest at the interlace t>etween this SOI layer 
16 and an insulator layer 13 arKf is the largest at the 
outermost surface of this SOI layer 16. 
[0084] It is accordingly favorable for further lessening 

45 the number of COPs at the outermost surface of the SOI 
layer 16 that hydrogen annealing is performed also after 
the exposure of the SOI layer 16 succeeding the step of 
separation. In this case, the SOI layer 16 both the sur- 
faces of which have been subjected to the hydrogen an- 

so nealing can be obtained. Particularly, in a case where 
the less-defective layer 1 2 has been formed by subject- 
ing the CZ silicon wafer to the hydrogen annealing for a 
time period of several seconds to three hours or so, it is 
more desirable to perform the hydrogen annealing for 

55 txMh the surfaces of the less-detective layer 12. 

[0085] In addition, the material of the first substrate 
10 to undergo the hydrogen annealing is not restrcted 
to the CZ silicon wafer, but a silicon v/ater manufactured 
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by Ihe MCZ method (Magnetic Field Applied Czochral- 
ski Method), hereinbelow termed Ihe 'MCZ silicon wa- 
ler". is also employed (avorably. It has been reported 
that, when compared with Ihe CZ silicon wafer, the MCZ 
silicon wafer suppresses increase in the sizes of COPs 
contained in silicon ("Electronic Materials", June Issue 
(1998). p. 22). When subjected to Ihe hydrogen anneal- 
ing. Ihe MCZ silicon wafer can be formed with a less- 
defective layer 1 2 of higher quality than in the CZ silicon 
wafer 

[0086] Besides, in the case of using silicon lor the first 
substrate 10. it is possible to employ a p-type or n-type 
CZ wafer whose resistivity is 0. Ito 100 i2cm. more ap- 
propriately 0.5 to 50 Cl-cm. 

[0087] Considering that an impurity element such as 
boron or phosphorus is out-diffused from within the sil- 
icon by the hydrogen annealing, the CZ silicon wafer be- 
ing the substrate to undergo the hydrogen anneafing 
nr>ay well have a resistivity lower than the above resis- 
tivity. The less-defective layer 12 itself, however, should 
preferably exhibit the p-type or n-type with the resistivity 
of 0.1 to 100 fl-cm. more appropriatety 0.5 to 50 fl-cm. 
[0088] Of course, if the desired SOI layer 16 ts ob- 
tained, a wafer of undesignated cor>centration or a wafer 
to be reused can also be employed. In a case where a 
resistivity outside the above range is required for the 
specifications of the SOI layer of an SOf wafer, it is fa- 
vorable to employ the wafer of the resistivity conforming 
to the specifications. 

[0089] Further, the material of the first substrate 10 is 
not restricted to the CZ or MCZ single-crystal silicon 
substrate, but it may well be any of a Ge substrate, an 
SiC substrate, an SiGe substrate, a GaAs substrate, an 
InP substrate, etc. 

[0090] Moreover, in the case where the material of the 
first substrate 10 is the silicon substrate, a silicon oxide 
layer can be employed as the insulator layer 1 3 by oxi- 
dizing the surface of the substrate. The insulator layer 
13 may well be realized in such a way that a silicon ni- 
tride layer is formed by nitridtng the substrate surface, 
or that a silicon oxide film or a silicon nitride film is de- 
posited on the less -defective layer 1 2 by CVD (Chemical 
Vapor Deposition). 

[0091] The thickness of the insulator layer 1 3 should 
preferably be several nm to several pm or so. 
[0092] Of course, it is also allowed to omit the fomr\a- 
tion of the insulator layer 13 on the first substrate 10 or 
to form insulator layers 1 3 on both the first substrate 10 
and Ihe second substrate 15 beforehand. 

(Ion Implantation) 

[0093] Regarding the element of ion implantation for 
the fom^tion of a separation layer 14. it is possible to 
implant the ions of hydrogen or a rare gas such as he- 
lium, neon, krypton or xenon, or the ions of nitrogen 
solely or in combir^tion with any of the preceding ele- 
ments. Even with an identical element, ions of different 



masses such as H* and * may be implanted, whereby 
the separation of a multilayer structure 18 can be facil- 
itated. The step of the ion implantation is not restricted 
to a case where the ions of Ihe same element are im- 

5 planted once, or a plurality of number of times so as to 
have an identical projection range. It is also favorable 
to contrive and form the separatkxi layer 1 4 by changing 
the ion species of Ihe plantation, the energy thereof, the 
dose thereof, etc. in stages. In particular, it is favorable 

10 to form Ihe separation layer 1 4 so as to have a tower or 
higher mechanical strength as it comes nearer to an SOI 
layer 16 which is to be transferred onto a second sub- 
strate 1 5 being a supporting substrate, whereby the step 
of separation is performed as desired. In general, as the 

ts ctose of implantation is larger, microbubbles increase 
more, and the mechanical strength of an implanted re- 
gion becomes lower. 

[0094] The ion inr^lantation can be performed by set- 
ting an acceleration voltage within a range of 1 keV to 
20 10 MeV irK:lusive. Since the thickness of the implanted 
layer 14 varies depending upon the acceleratkxi volt- 
age, this voltage shoukl preferably be set on the order 
of several tens keV to 500 keV so as to fulfill a desired 
condition. 

25 [0095] Anyway, it is important to perform the ion im- 
plantation so that the multilayer structure 18 may be 
easily separated at the resulting separation layer 1 4. 
[0096] In the present inventon. it is favorable also for 
attaining a uniform implantation depth to perform the kxi 

30 implantation so that Ihe projection range Rp (implanta- 
tion depth) of the ton implantatton may lie within a less- 
defective layer 12. The thickness of the SOI layer 16 is 
ordinarily several nm to 5 pm. 

[0097] The th tokness of the separation layer 1 4 whch 
35 is f orn>ed by the ion implantation is ordinarily 0. 5 mtoron 
or below. In particular, it shoukJ nrx>re preferably be sev- 
eral thousand A or betow in order to form at a uniform 
thickness the thin film 12 whtoh is to be transferred onto 
the second substrate 15. The separatton layer 14 in- 
40 eludes the projection range of the kki in\plantatk)n by 
way of example. 

[0098] The dose of the implantation can be set at 1 .0 
X lO'Vcm^ to 1 .0 X 10^fi/cm2, and nrxxe preferably at 
1.0 X 10iVcnf>2to2.0 X 10'7/cnri2 
^ [0099] The temperature of the ton implantatton shoukJ 
preferably lie between -200'C and 600°C, more prefer- 
ably at or betow 5(X)*C. and still nrx>re preferably at or 
betow 400* C. The reason therefor is that, when the tem- 
perature exceeds at>out 500"C. the implanted tons hav- 
so ing gathered near the projectton range is raptoty diffused 
to be emitted from a first substrate 1 0, so the separation 
layer (microbubble layer) 14 fails to be formed. 
[0100] Another process for forming the separation 
layer 14 is the plasma ion inrplantation in which hydro- 
ps gen kxis, for example, are caused to permeate into a 
desired region by utilizing a plasnr^a. Owing to the plas- 
ma, the ton-implanted layer (separation layer 1 4) can be 
formed in a shorter time and at a more uniform thickness 



8 



15 



EP0 961 312 A2 



16 



than in Ihe case ot the convenlional ion implanlalion. 
- (Bonding) 

[0101] Mentioned as the sorts ot a second substrate 
15 to be bonded with a first substrate 10 are a singte- 
crystat silicon substrate, a polycrystaltine silicon sub- 
strate, an amorphous silicon substrate, a sapphire sub- 
strate, a light transmitting substrate such as quartz sub- 
strate or glass substrate, a metal substrate of Al or the 
tike, a ceramics substrate of alumina or the like, and a 
compound semiconductor substrate of GaAs, InP or the 
like. The sorts of the second substrate 1 5 are properly 
selected according to the intended use of the final prod- 
uct including an SOI layer 16. The first substrate 10 can 
also be bor>ded to a substrate of plastics or the like if 
the latter substrate has an appropriate flatness. 
[01 02] It is also favorable to form an insulator tayer on 
the bonding surface of the second substrate 15 before- 
hand. In bonding the first ar>d secorxl substrates, an in- 
sulating sheet may well be sandwiched therebetween 
to form a triple stacked structure. When the light trans- 
mitting substrate is empk>yed as the second substrate 
15. a contact sensor being a photosensor or a lk?u id- 
crystal image display panel of projectkxi type can be 
constructed. Herein, driving elements whose perform- 
ances are high enough to heighten the pixel density, res- 
olutkxi and definitkxi of the sensor or the display panel 
can be fabrk:ated. 

[01 03] A multilayer structure 1 8 is formed by bonding 
the first substrate 10 and the second substrate 15 at a 
room temperature. 

[0104] In a case where, before being stacked at the 
room temperature, the (irst and second substrates have 
their surfaces activated by a nitrogen or oxygen plasma 
and are washed with water and then dried, the heat 
treatment of the next step for raising a bonding strength 
can have its temperature made bwer 
[0105] In a case where the first sut^strate 10 and the 
secoTKj substrate 15 are to be brought into cbse adhe- 
sion by heightening the bonding strength, ft is also fa- 
vorable to perform the heat treatment (hereinbelow. 
termed the •first heat treatment' ) midway of or after the 
bonding. It is desired that the first heat treatment is a 
k>w-temperature heat treatment whch is performed at 
a temperature of room temperature to 500** C, nrx>re pref- 
erably room temperature to 400° C. 
[0106] It is also favorable to bond the first and second 
substrates by pressing the multilayer structure 18 or by 
anodic wekjing, with or without the first heat treatment. 
[0107] Regarding an atnrx)sphere for the borKJing op- 
eration, the first and second substrates may be brought 
into touch in any of the atnrtospheric air. oxygen, nitro- 
gen, vacuum, etc. 

[01 08] The atmosphere of the first heat treatment may 
be N2, 02, an oxidizing atrrK>sphere. or the combinatk>n 
thereof. 

[0109] By the way, the first substrate 10 can also be 



once txxided to another substrate and thereafter bond- 
ed to a desired supporting substrate, without being di- 
rectly bonded with the second substrate 15 which 
serves as a supporting substrate. 

5 

(Separation) 

[0110] A multilayer structure 18 can be separated or 
divided by a heal treatment. Concretely, the heat treat- 
10 ment is performed at a temperature of 400*0 to 1 350'C. 
nx>re preferably 400* C to 1000°C. and still more pref- 
erably 400'*C to 600°C. 

[0111] When the heat treatment as stated atx>ve is 
performed, a separatkxi layer 14 is interr^alty pressu- 

'5 rized by the rearrangement of a crystal and the coales- 
cence of microbubbles within the separation layer 14. 
and a thin film whk;h is a part or the entirety of a less- 
defective layer 12 is peeled off. 
[0112] It is also possible to separate the multilayer 

20 structure 18 by utilizing the speeded-up oxkJation of the 
separation tayer 14. 

[0113] More specifically, the ion-implanted tayer (sep- 
aration layer 14) is oxidized from the periphery of the 
multilayer structure 18. Thus, the volumetric expansk>n 

25 of the ion-implanted layer enlarges more at a position 
nearer to the outer periphery thereof, as if a wedge were 
entered into the ion-inrtplanted layer uniformly from the 
outer periphery. Accordingly, only the ion-implanted lay- 
er undergoes an internal pressure, and the multilayer 

30 structure 18 is divkJed within the ion-implanted layer or 
at the interface thereof over the whole wafer 
[0114] Incidentally, the ton-implanted layer is usually 
covered with a non-porous layer even at the outer pe- 
ripheral part thereof. In this regard, it is also favorable 

35 to expose the outer peripheral part or end face of the 
kxi -implanted layer after or before borKling a first sub- 
strate 10 and a second substrate 15 into the multilayer 
structure 16. When such a multilayer structure 18 is ox- 
klized, the speeded-up oxidatkxi starts from the outer 

40 per^heral part of the kxi-implanted layer because of the 
very targe surface area of this ion-implanted tayer. 
[0115] When Si turns into SiOg, its volume expands 
2.27 times. Under the condition of a porosity of 56% or 
bek>w, therefore, also the oxkjized ion-implanted layer 

^5 exhibits a volumetric expanskxi. Since the degree of the 
oxklation k>wers toward the center of the wafer, the vol- 
umetrk: expanskx) of the oxkiized kxi -implanted layer 
beconnes larger at the outer peripheral part of the wafer. 
Such a pherxxneruxi presents the same situatkxi as in 

50 the case of entering the wedge from the end face of the 
wafer into the kxi -implanted layer. Thus, only the ion- 
tmplanted layer undergoes the internal pressure, ar>d 
the multilayer structure 18 undergoes a force so as to 
be divided within the kxi-implanted layer. Moreover, the 

55 oxklation proceeds uniformly at the peripheral edge of 
the wafer, so that the multilayer structure 18 is peeled 
off equally from the outer periphery of the wafer 
[0116] According to the present inventkxi, the speed- 
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ed-up oxidizability o( the ion-implanled porous layer, ihe 
volumetric expansion thereof and the fragility thereof 
are combined by utilizing the oxidation being one step 
of a conventional Si-IC process as has an excellent ho- 
mogeneity. Therefore, the internal pressure can be ex- 
erted on only the ion -implanted porous layer, whereby 
the wafer can be divided within the ion-implanted porous 
layer at a good controllability. 

[0117] Alternatively, a bonded substrate body 
(slacked substrates) can be separated at the fragile ion- 
implanted porous layer in such a way that a thernnal 
stress is generated by heating the whole bonded sub- 
strate body, by utilizing the facts that the bortded wafers 
are multilayered in construction and that the ion-implant- 
ed porous material is structurally fragile. The heating in 
this case can be performed by. for example, a heat treat- 
ment at a temperature of 1150*C and for a time period 
of 30 seconds. 

[0118] In the present invention, the muftilayer struc- 
ture 18 can also be separated through the ion-inrtplanted 
porous layer by a thermal stress, softening or the like 
resulting when the kxi-tmplanted porous material solely 
or this nrtaterial as well as the victnrty thereof has been 
heated, by utiMzvig the fact that the ion-tmplanted po- 
rous nnaterial is^structurally fragile. 
[01 1 9] Especially when a laser is used, only a certain 
specified layer can be heated by alk>wing it to absorb 
energy, without heating the whole bonded substrate 
body. Herein, local heating can be performed by em- 
ploying the laser of a wavelength which is absorbed by 
only the ion-implanted porous layer or a layer vicinal to 
the kxi*implanted porous mate rial. Usable as the laser 
is. for example, a CO2 laser whk:h has an output power 
of 500 to 1000 W or so. 

[01 20] The porous layer can be rapidly heated in such 
a way that an electric current is caused to flow through 
the ion-inplanted porous layer or within the wafer sur- 
face victr^al to the ion-implanted porous material. It can 
also be heated by causing a pulsating current to flow. 
[01 21] It is also favorable to utilize a jet stream of high 
water pressure or the like as an expedient for separating 
the multilayer structure 18. 

[01 22] The so-called 'water jet method* in whch a wa- 
ter stream under a high pressure is injected from a noz- 
zle may well be employed for separating the multilayer 
structure 18 at the ion-implanted layer (separatkxi layer 
14). 

[0123] Apart from water, it is possible to use a liquet 
which functions to selectively etch the separation re- 
gion, and which is exemplified by an organic solvent 
such as ateohol. an acd such as fluoric acid or nitric 
acid, or an alkali such as potassium hydroxide. Further, 
a gas such as air. nitrogen gas. cartxxitc ackl gas or rare 
gas may well be employed as a fluid. Alternatively, a fluid 
of tow temperature or a liquid of extremely ksw temper- 
ature may well be empbyed. 

[01 24] It is also alk>wed to ennploy an electron beam, 
or a gas or plasma which has an etching action on the 



separation region. 

(01 25] The separation region can be removed from its 
side surface by injecting or spraying the water jet to this 
separation region in conformity with a bonding seam on 
5 the side surface of the multilayer structure 18. In this 
case, first of all. the water jet is directly injected against 
the separation region exposed to the side surface of the 
bonded substrate body and against the nearby parts of 
first and second substrate body members. Then, only 
the fragile separatkxi regk)n is renroved by the water jet 
without damaging the individual substrate body mem- 
bers, until the two substrate body members are de- 
tached. Even in a case where the separation regkxi is 
not exposed beforeharKf and is covered with a thin layer 
by any reason, the water jet may be injected to initially 
renrvove the layer covering the separatkxi region and to 
continually remove the exposed separatkxi region. In 
addition, the bonded wafers can be separated by wki- 
ening and destroying the structurally-fragile separation 
regkxi in such a way that the water jet is injected into 
the narrow gap of the borrded wafers on the peripheral 
skfe surface of the borKfed substrate body, though this 
effect has not hitherto been often utilized. Since, in this 
case, cutting or removal is not intended, the cutting de- 
bris of the separation region is hardly produced. More- 
over, even when the nr^terial of the separatkxi regkxt 
cannot be removed by the water jet itself, the bonded 
wafers can be separated without using a polishing n>a- 
terial and without damaging the surface of the separa- 
tion. In this manner, the effect can be considered a kind 
of wedge eflect based on the fluid, unlike a cutting or 
polishing effect. Accordingly, the effect is greatly expect- 
able in a case where the narrow gap being concave ex- 
ists on the stde surface of the bonded substrate body, 
and where a force is exerted in the directkxi of peeling 
off the separatkxi regkxi, by injecting the water jet. If the 
effect is to be satisfactorily demonstrated, the shape of 
the side surface of the bonded substrate body shoukj 
preferably be concave, not convex. 
[01 26] By the way, in the case of the separatkxi with 
the jet stream, the temperature of the multilayer struc- 
ture 18 is set within a range of -200°C to 450*^C inclu- 
sive. Preferably, it is set within a range of room temper- 
ature to 350**C. 

[0127] Beskfes. for the separatkxi of the multilayer 
structure 16. the separatkxi layer can be destroyed by 
any of the following methods: 

Sufficient tensile forces or pressures are uniformly 
applied to the bonded wafers normally and within 
the planes thereof. 

The wave energy of ultrasonic waves is applied. 
An appliance like the edge of a razor (for example, 
a wedge nnade of Teflon resin) is inserted into the 
separation layer at the wafer end face (the periph- 
ery of the txxided wafers). 
The separation layer is exposed to the wafer end 
face, the porous Si is etched to some extent, and 
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an appliance like the edge of a razor is inserted into 
the resulting separation layer. 
The poroos layer is exposed to the wafer end face, 
the porous Si is impregnated with a liquid such as 
water, and the whole bonded wafers are thereafter 
heated or cooled to expand the liquid. 
A force (shearing force or rotating force) is horizon- 
tally applied to the second (or first) substrate rela- 
tively to the first (or second) substrate. 

[0128] Also, only the ion-implanted layer (separation 
layer 14) can be selectively divided by electroless wet 
chemical etching in such a way that the multilayer struc- 
ture 18 is immersed in fluoric acid or a mixed solution in 
which at least either of alcohol and hydrogen peroxide 
is added to fluoric acid, or in buffered fluoric acid or a 
mixed solution in which at least either of alcohol and hy- 
drogen peroxide is added to buffered fluoric acid. 

(Removal of Remains on Second Substrate) 

(01 29] In a case where a separation layer 1 4 remains 
on an SOI layer 16 when a multilayer structure 18 has 
been separated by utilizing the separation layer 14. the 
step of removing the remains is preferable. Of course, 
the step of removal is unnecessary in a case where the 
se(3aration at the separation layer 14 occurs at the in- 
terface of the separation layer 14 with the SOI layer 16. 
[0130] It is also favorable for the rerrKsvat of the re- 
mains to execute polishing or grinding, particularly 
chemical mechanical polishing (CMP). Usable as a pol- 
ishing agent on tfiat occasion is any off the polishing grits 
of borosilicate glass, titanium dioxide, titanium nitride, 
aluminum oxide, iron nitrate, cerium oxide, colloidal sil- 
ica, silicon nitride, silicon carbide, graphite, dianrond. 
etc.. or grinding grit liquids in which the above grinding 
grits are mixed with the oxidizing agent of H2O2, KIO3 
or the like or the alkaline solution of NaOH, KOH or the 
like. 

[0131] The renr>oval of the separatkxi layer 14 in the 
present inventton can also be effected by selective pol- 
ishing with a single-crystal layer as a polishing stopper, 
for the reason that the separatkxi layer 14 has a k>w 
mechank:al strength and a very large surface area. 
[0132] It is also favorable to reax>ve the reowins of 
the separation layer 1 4 by etching. 
[01 33] Herein, a fluoric or nitric acid system, an eth- 
ylene diamine system, a KOH system or a hydrazine 
system is usable as an etchant. Also usable is hydrofluo- 
ric ackS or a mixed solutkxi in which at least either of 
hydrogen peroxide and ateohol is added to fluoric acid, 
or buffered fluork; acki or a mixed solution in which at 
least either of hydrogen peroxide and alcohol is added 
to buffered fluorc acki. Thus a solutkm containing hy- 
drogen fluoride can be used. 

[01 34] In a case where the remains of the separation 
layer 14 are thin, or a case where the multilayer structure 
18 is separated substantially at the interlace between 



the SOI layer 1 6 and the separalon layer 1 4. the surface 
of the SOI layer 16 can be smoothened by carrying out 
hydrogen annealing after the separation. 
[0135] The hydrogen annealing is done by .a heat 
5 treatment in a reducing atmosphere which contains hy- 
drogen. The atmosphere may be hydrogen gas. or a 
mixed gas consisting of hydrogen and a rare gas (such 
as Ar). 

[0136] A temperature for the hydrogen annealing 

10 shouW lie between 800**C and 1350*C inclusive, and 
nriore preferably between 850* and 1250'C inclusive. 
[0137] The pressure of the hydrogen containing at- 
nrosphere for the hydrogen annealing may be either of 
the atmospherk; pressure ar>d a reduced pressure. It is 

IS suitable to perform the hydrogen annealing under the 
atmospherk: pressure, or under a pressure between the 
atmosphere pressure (1 X 10^ Pa) and 1 x 10^ Pa in- 
clusive. It is rTK>re suitable to perform the hydrogen an- 
nealing under a slightly reduced pressure which is about 

20 100 mmH20 kswer than the atnrx>spherk: pressure. 
[0138] In the case where the remains of the separa- 
tkxi layer 14 are removed by the hydrogen annealing, 
the separatkxi layer 14 shoukj desirably be heki in op- 
position to silcon oxkle. 

25 [0139] More specifically, when the remains are heat- 
treated in oppositkxi to the silicon oxkle, this silkxxi ox- 
kJe and silicon constituting the separation layer 1 4 react 
through the atmosphere as follows: 

30 

Si + SiOg 2SiO 

It is therefore possible to efficiently remove the ion-im- 
planted remaining layer. Moreover, the migration of Si 
3S simultaneously proceeds so as to k>wer surface energy, 
with the result that the surface of the SOI layer 16 is 
snDoothened. 

[0140] Thus, the single-crystal silicon film can have 
its surface flattened equally to a single-crystal wafer arxJ 

40 have its thckness decreased under control, without in- 
curring the crystal defects of processing distortksns etc. 
as are incurred by the polishing of a single-crystal silkxxi 
film formed on the surface of a semkxxxJuctor substrate 
material. That is, smoothening the surfaces of an SOI 

45 substrate etc.. decreasing a boron concentratkxi, and 
etching silicon can be performed at the same time with- 
out spoiling the uniformities of film thrcknesses in each 
wafer and between the wafers 
[0 1 41 J It is also favorable to perform the hydrogen an- 

50 nealing after the separation layer 1 4 has been removed 
to some extent or entirely by the polishing or etching. 
[0 1 42] By the way. in a case where a separation layer 
is formed within a region 11 by kxi imptantatkxi, a part 
of the region 11 is removed together with the remaining 

55 separation layer 14 by the use of the above method. 
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{Removal of Remains on First Substrate) 

(01 43] When a separation layer 1 4 partly rennains on 
a part of a first substrate obtained after the separation 
of a multitayer structure 16 (for example, on a region 11 
as well as a tess-defective layer 17 in a case where the 
separation layer 14 has been formed within a less-de- 
fective layer 12), the remains are removed by the fore- 
going method such as polishing, grinding or etching, fol- 
lowed by a surlace flattening treatment for any unsatis- 
factory surface flatness, whereby the first substrate can 
be reused as a new first substrate or a succeeding sec- 
ond substrate again. Afthough the surface flattening 
treatment may well be perfomr^d by a method such as 
polishing or etching which is usually used in a semicon- 
ductor process, it can also be done by a heat treatment 
in a reducing atmosphere containing hydrogen. In ac- 
cordance with selected conditions, the heat treatment 
can flatten (he surface of the sut^strate to the extent that 
an atomic step is exposed locally. 
[0144] Parttcularty in the case where the separation 
layer 14 has been formed within the tess-defective layer 
12. the less-defective layer 17 is borne on the region 1 1 
even after the separation. Therefore, the series of steps 
of a process tor manufacturing an SOI substrate can be 
carried otit after forming a separation layer 14 vnthin the 
less-defective layer 17 again. 

[0145] In a case where an SOI substrate is manufac- 
tured by employing the bonding or adhesion method, the 
single SOI substrate is nrianufactured from two wafers. 
Herein, it is permitted to manufacture the SOI substrate 
more economically, by reusing the first substrate ob- 
tained after the separation. 

(Annealing after Separation) 

[0146] In the present invention, it is also preferable to 
perform a heat treatment (hereint>elow. termed the "sec- 
ond heat treatment' ) after a multilayer stricture 16 has 
been separated by utilizing a separation layer 14. (or the 
purpose of heightening the adhesion or txsnding 
strength between a supporting substrate (second sub- 
strate 15) and an SOI layer 16 arranged thereon. 
[01 47] The temperature of the second heat treatment 
is set higher than that of the first heat treatment ex- 
plained before (lower-temperature heat treatment which 
is performed midway of bonding or immediately after the 
txxiding). Cor>cretely, the temperature of the second 
heat treatment should lie between 600**C and lasCC 
inclusive, and more preferably between eOO^C and 
1 SOCC inclusive. 

[01 48] In a process after the microbubble layer (sep- 
aration layer 14) has been formed within bulk silicon by 
(he ion implantation of hydrogen or the like, it is desired 
to perform no heat treatment or to perform a heat treat- 
ment at a tower temperature, except (or the case of sep- 
aratkxi by a heat treatment. The reason therefor is that 
(he coalescerK:e of microbubbles occurs at a tempera- 



ture exceeding atx)ut SOO'C. so separation not originally 
intended might take place. It is accordingly favorable to 
perform the lower-temperature heat treatment (first heat 
treatment) at or betow 500*C in the case where (he ad- 

5 hesion strength is heightened after the txjnding. 

[0 1 49] After the multilayer structure 1 8 has been sep- 
arated by any desired method, the second heat treat- 
ment the temperature (for example, about 900*0) of 
which is higher than (hat of the first heat treatment 

'0 should be perfonmed to heighten the close adhesion 
strength between the SOI layer 16 and the second sub- 
strate 1 5 and to stabilize (he bonding interface of (he 
resulting SOI substrate. 

[01 50] When, in this manner, the heat treatment (sec- 
'5 ond heat treatment) at (he higher (emperature of at least 
e00*C and 1 350*C is performed after (he k>wer-(emper- 
ature heat (reatmen( (firsf heat treatment) at or below 
500*C, the precipitatkxi phenomenon of oxygen is 
sorr^etimes accelerated to increase (he defects of OSFs 
20 deperrdent upon (he precipitatkxi density of oxygen 
('Silicon* written by Takao Abe. p. 194, issued by Baifu- 
kan Kabushiki-Kaisha). In the present inventkxi, how- 
ever, the concentratkxi of oxygen in a less-defective lay- 
er 12 is sufficte,ntly k^w, and herx^e. the increase of the 
2S defects at(ribu(6d (o the higher-temperature heat treat - 
n^nt succeeding the lower-temperature hea( (rea(ment 
is preventable. 

(0151] Aflerall, according to the present Inventkxi. the 
surface layer of a wafer heat-treated in an atmosphere 

30 containing hydrogen can be detached and transferred 
onto another substrate by utilizing an kxi-implanted lay- 
er. Since defects (COPs, Grow-in defects, etc.) inherent 
in the bulk Si of a layer ck>se to the principal surface of 
the wafer can be excluded by the heat treatnr>ent, the 

3S available percentage of a devk:e can be enhanced. 
[0 1 52] By way of example, in the manufacturing proc- 
ess of a 16M (megabyte) DRAM (Dynamic Random Ac- 
cess MenrK>ry) whk:h is produced with a sufficient margin 
with respect to the sizes of the COPs, the presence of 

^ the COPs is fK>t oonsKJerabty problematk:. However, 
when the 16M DRAM has shifted to a 64M DRAM, the 
elements of the devce are designed with sizes being 
nearly equal to those of the COPs, and hence, the avail- 
able percentage of the devk;e will tower drastk:alty due 

^ to (he COPs. The presen( inven(ton is very effective in 
point of capable of provkjing an SOI substrate in whk:h 
an SOI layer 16 involves a very small number of COPs 
[0153] The wafer whtoh has been heat-treated in the 
atoKJSphere containing hydrogen, is deemed to be mer- 

*o itortous in cost and excellent in mass-productivity and is 
expected to replace a wafer furnished with an epitaxial 
film. 11 is sakJ that, in the future, the diameter of a wafer 
will enlarge nrx>re to render the pulling-up of a high-qual- 
ity crystal difficult. Further, the bulkwafer might degrade. 

55 For these reasons, it is very useful to manufacture (he 
SOI substrate by utilizing (he wafer which irKludes a 
less-def eclive layer heat-treated in the atnnosphere con- 
taining hydrogen. 
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(01 54] Next, it will be explained that, in case o( remov- 
ing a separation layer 14 by a process which includes 
hydrogen annealing, effects based on the hydrogen an- 
nealing differ depending upon nnaterials which oppose 
to substrates to-be-processed in a heat-treating fur- 
nace, and upon the distances between the substrates 
to-be-processed and surfaces opposing thereto. 
(01 55] The surface (SOI layer) of the substrate to-be- 
processed is sometimes etched by the hydrogen an- 
nealing (heat treatment in a reducing atmosphere con- 
taining hydrogen), and the quantity of the etching differs 
in accordance with the rr^aterial which opposes to the 
surface of the SOI layer. This fact will be concretely ex- 
plained below. 

(0156] In a vertical type batch furnace for heat-treat- 
ing wafers as shown in Fig. 15. the etching rate of each 
single-crystal silicon layer (SOI layer) changes greatly 
in accordance with the material of a surface (opposing 
surface) opposing to the surface of the single-crystal sil- 
icon layer In Fig. 15. numeral 1 designates a plurality 
of wafers, numeral 2 a core tut>e made of quartz, nu- 
meral 3 a heater, and numeral 4 the streams of a 
processing gas. 

(01 57] Fig. 1 6 is a graph showing the temperature-de- 
pendence of etching rate dependent upon the material 
of opposing surfaces. In the figure, the lower axis of ab- 
scissas represents the inverse numbers of tempera- 
tures T in temis of the inverse numbers of electron votts 
(eV)- The upper axis of abscissas represents tempera- 
tures corresponding to 1/T. The axis of oi-dinates indi- 
cates the logarithmic plots of the etching rates (nm/ 
minute). 

[0158] In case of an SOI substrate, the thickness of 
the SOI layer, namely, the single-crystal silicon layer on 
a buried insulator layer can be measured comparatively 
easily by the use of a film-thickness rr^terof light reflec- 
tion type being commercially available. While the time 
period of the heat treatment is being changed, the var- 
tatkxi (rate of change) of the film thk:knesses before and 
after each heat treatment is measured, and a gradient 
versus the etching time period is found. Then, the etch- 
ing rate is obtained. 

[0159] tn the graph of Fig. 16, data A irxjicates the 
etching rates at individual temperatures as were ob- 
tained in a case where a t>ase material to-be-etched 
(material for a substrate) SiOg was held tn opposition to 
an opposing surface n^terial Si. tn this case, activation 
energy was calculated to be about 4.3 eV from the 
gradient of the approximate straight line of pk>ts based 
on the method of least square. By the way, brackets for 
each illustrated data indicate the material of the oppos- 
ing surface. 

[0160] In addition, data B corresponds to a case 
where the heat treatment was performed with a base 
material Si heU in opposition to an opposing surface 
material Si02. 

[0161] Besides, data C corresponds to the heat treat- 
ment which was performed with the base material Si 



held in opposition to the opposing surface material Si. 
In this case, the activation energy Eg was abou\ 4.1 eV 
[0162] Further, data O corresponds to the heat treat- 
ment which was performed with the base nreterial SiOg 

s hekj in opposition to the opposing surface material Si02. 
In this case, the activation energy Eg was about 5.9 eV 
(0163] It has been revealed that, with the heat treat- 
ment in the reducing atmosphere containing hydrogen, 
the etching rate of silicon as the base material is in- 

10 creased to abouX 9 times without regard to temperatures 
as indicated by the difference between the etching rates 
of the data 8 and C in Fig. 1 6, by changing the opposing 
surface nr^aterial from silicon to silicon oxide. 
[0164] In the case where txjth the base material and 

'5 the opposing surface material are single-crystal silicon, 
the etching rate of about 0.045 nnVmin at 1 200'C is con- 
siderably low (data C in Fig. 16). The quantity of etching 
by the heat treatment for 60 minutes is less than 3 nm. 
On the other hand, h the case where the material of the 

20 opposing surface to silicon is silicon oxide, the etching 
rate is atxjut 0.36 nm/min at 1200*C (data B in Fig. 16). 
and the quantity of etching for one hour reaches 21.6 
nm. This quantity of etching is near to the quantity of 
etching rt the case of touch polish. 

2S (01 65] Fig. 1 7 is a graph showing the quantity of etch- 
ing in the cases where a base material Si opposes to cin 
opposing surface material Si02. and where a base ma- 
terial SiOs opposes to an opposing surtace rrtaterial Si. 
The axis of abscissas represents the time period of etch- 

30 ing (in minutes), while the axis of ordinates represents 
the thickness of etching (in nm). A white dot corresponds 
to the case of heat-treating SiO^ (base material) in op- 
position to Si (opposing surface material), and a black 
dot the case of heat-treating Si in oppositbn to Si02. 

3S The temperature T of the heat treatment is 1200*C. 
[0166] As illustrated in Fig. 17. subject to the same 
time period of the heat treatments, the quantity of etch- 
ing is larger in the case of heat-treating Si02 opposi- 
tion to Si as indicated by the white dot, than in the case 

^ of etching Si in oppositkxi to SiO^ as indicated by the 
black dot. That is. in the cases of heat-treating SiOg and 
Si in opposition to each other. Si02 is etched nnore (the 
thickness of etching thereof is greater). 
[0167] Fig. 16 illustrates the numbers of Si atoms 

<s computed from the results of Fig. 1 7. the Si atoms being 
rerrK>ved when a Si surface and an Si02 surface are re- 
spectively etched in the etching of the base rhaterial 
SiOj held in opposition to the opposing surface material 
Si. and in the etching of the base material Si held in op- 

50 position to the opposing surtace material Si02. The axis 
of abscissas represents the time perkxj of the etching, 
while the axis of ordinates represents the number of the 
rerrxjved Si atoms (in atoms/cm^). In the graph of Fig. 
18, a circle, a triangle and a square in white correspond 

^ to the Si02 surface, while ones in black correspond to 
the Si surtace. 

[0 1 68] When the quantities of etching of the silicon ox- 
ide surface and the single -crystal silicon surface illus- 
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trated in Fig. 1 7 were calculated in terms of the numbers 
of silicon atoms, generally agreeing results have been 
obtained as illustrated in Fig. 18. It is accordingly indi- 
cated that, in the cases of heat-treating the Si surface 
and SiOg surface in opposition to each other, both the 
surfaces are deprived of the same anrx)unts of Si atoms. 
[0169] That is, the etching of silicon is speeded up by 
the interaction thereof with the opposing silicon oxide 
surface. The reaction (omiula of the etching is compre- 
hensively given by the following, in which silicon and sil- 
icon oxide react at 1 : 1 : 

Si + SiOg 2SiO 

[0170] Besides, such an etching rate of Si is affected 
by the distance of the surface to-be-etched from the op- 
posing surface. In the case of arranging silicon as (he 
opposing surface material, the etching rate is restrained 
more as the distance between the surfaces is shorter, 
and in the case of arranging silicon oxide as the oppos- 
ing surface material, the etching rate is heightened more 
as the distance between the surfaces ts shorter. 
[0171] Meanwhile, an etching rate in the case where 
a reducrig gas typified by hydrogen was not contained 
in the atmosphere of a heat treatment, was conspicu- 
ously lower than in the case of the atmosphere contain- 
ing hydrogen. That is, the presence of the reducing gas 
typified by hydrogen contributes as one factor for speed- 
ing up the etching in the hydrogen annealing. In the case 
where the surfaces of silicon and silicon oxide oppose 
to each other, both the surfaces are etched in such a 
way that the material of either of the surfaces arrives at 
the other surface to react with the material of this sur- 
face, through a reaction with the reducing gas typified 
by hydrogen. By way of example, there are reactions; 
Si + Hj SiHj and SiHg + SiOg -» 2SiO + Hg. Si atoms 
dissociated from the St surface are transported in a gas- 
eous phase to react with Si02 at the silicon oxide sur- 
face, thereby to be turned into SiO the saturated vapor 
pressure of which is high. Since SiHg is consumed on 
occasion, the etching at the Si surface is promoted. Fur- 
ther, in the case where the surfaces of Si oppose to each 
other, the etching rate is not considerably heightened, 
for the following reason: When Si atoms dissociated 
from the Si surface have reached its saturation concen- 
tration in a gaseous phase, the rate of the succeeding 
reaction is determined by the diffusion of the Si atoms 
in the gaseous phase. Nevertheless, the saturation con- 
centration of the dissociated Si atoms is not high. 
[0172] On the other hand, in the case where the sur- 
face SO2 is held in opposition to the surface Si, Si atoms 
dissociated from the Si surface are consumed at the ox- 
ide film surface, and hence, the reaction further pro- 
ceeds. Since SiO produced on the side of the SiC^ sur- 
face has a high vapor pressure, the rate of the reaction 
is nrtore difficult to be determined than in the case of the 
opposition of the Si surfaces. 



[0173] In addition, the quantity of etching of a single- 
crystal silicon film in the case where the material of a 
surface opposing to the single-crystal silicon film was 
SiC (silicon carbide), was substantially equal to that in 

5 the case where the material of the opposing surface was 
silicon. Besides, in a case where the material of an op- 
posing surface was silicon nitride, the quantity of etching 
of a single -crystal silicon film was restrained similarly to 
that in the case where the material of the opposing sur- 

10 face was silicon. 

[0 1 74] More specifically, the quantity of etching of the 
single-crystal silicon film in the case where the material 
of the opposing surface is silicon oxide becomes about 
10 times as compared with that in the case where the 

IS opposing surface, which opposes to the single-crystal 
silicon film in the heat treatment of this film as is per- 
formed in the atmosphere containing hydrogen, is made 
of silicon or a material which contains silicon and carbon 
as its main components and which does not contain ox- 

20 ygen as its main component. 

[01 75] Further, the distance of the semiconductor 
base material to-be-etched from the opposing surface 
depends upon the size of a surface where the single- 
crystal silicon film as the semiconductor base nrtateriat 

25 is existent. As regards the semiconductor base nr>aterial 
having a diameter of at least 100 mm, the effect of in- 
creasing the etching rate as is based on the interaction 
with the opposing surface nr^terial is attained if the dis- 
tance is about 20 mm or shorter, more preferably 10 mm 

30 or shorter. 

[0176] Still further, the etching rate of single-crystal 
silicon at the principal surface of the semiconductor 
base material in the heat-treating process which is per- 
formed in the reducing atmosphere containing hydro- 
ps gen, is increased in the presence of oxidizing impurities, 
such as a water content and an oxygen content, which 
are contained in the atmosphere gas. In order to sup- 
press the supplies of the oxidizing impurities, therefore, 
the flow velocity of the atnriosphere gas in the vicinity of 

40 the principal surface is lowered. Thus, etching compo- 
nents ascribable to the impurity gases are decreased, 
so that the etching controllability of the present invention 
based on the interaction with the opposing surface is 
heightened. Especially in a case illustrated in Fig. 1 9 

45 where a single-crystal silicon film 53 formed on the prin- 
cipal surface of a semiconductor base material 51 (con- 
stituting a wafer 1 ) through an insulator 52 is arranged 
in a core tut>e 50 so as to be normal to a gas flow 54. 
arvj where an opposing surface 55 n^de of silicon oxide 

so Is arranged therein, the flow velocity 56 of an atnr>os- 
phere gas over the principal surface can t>e made sub- 
stantially zero, and the effect of etching t>ased on the 
opposing silicon oxide can be sufficiently brought forth. 
[0177] Still further, in a case where silicon as a base 

55 rr^terial is etched by forming an opposing silicon oxide 
film on silicon or on a nnaterial which contains silicon and 
cartxxi as its main components ar>d which does not con- 
tain oxygen as its main component, that is, which does 
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not react with the base material silicon through a gase- 
ous phase, the rate of the etching bwers to about 1/10 
when the silicon oxide film has been lost by the decrease 
of its thickness based on the etching. Therefore, when 
the thickness of the oxide silicon film is previously set 
at a thickness at which Si atoms equal in number to the 
amount of Si atoms corresponding to the thickness of 
the base material silicon intended to be removed by the 
etching are contained in the silicon oxide film, the 
amount of removal of the base material Si can be con- 
trolled. Regarding a silicon oxide film formed by the ther- 
mal oxidation which is usually employed in a semkxxi- 
ductor process, the thickness of the opposing silk;on ox- 
ide film may be set about 2.22 times the thickness of the 
silicon film intended to be removed. 
[0178] When the influences of opposing surlaces 
were estimated as to smoothening rough surfaces, no 
remarkable difference was noted. 
[01 79] Fig. 20 is a schematic sideward sectkx^l view 
showing a surface immediately after a ren^ining sepa- 
ratkxi layer has been rerDOved by etching, the surface 
being to be smoothened by hydrogen annealing. When 
the rough surface shown in Fig. 20 was heat-treated in 
a reducing atmosphere. It could be snnoothened equally 
to the surface of a conrvnercially-available silicon wafer 
as illustrated in Fig. 21 . In Figs. 20 and 21 , symbols W3 
and W4 denote an SOt substrate. 
[01 80] It has been revealed that, when the surface (in 
Fig. 20) of single-crystal silicon in which ruggedness is 
observed at a height h of several nm to several tens nm 
and a period P of several nm to several hundred nm is 
heat-treated in a reducing atmosphere (as hydrogen an- 
nealing), a surface (in Fig. 21) being as flat as the sur- 
face of the single<rystal silkxxi wafer is obtained at a 
level difference of several nm or below, arxi more pref- 
erably at a level difference of 2 nm or below under more 
appropriate conditkxis. 

[0181] It has also been revealed that the quantity of 
etching based on the hydrogen annealing can be con- 
trolled t>y properly select^g an opposing surface mate- 
rial which opposes to the SOI layer of the SOI substrate. 
[0182] This pherKxnenon ts considered to be the re- 
construction of the surface rather than the etching. More 
specifically, in the rough surface, angled parts of high 
surface energy are innumerably existent, and the faces 
of higher-order face orientations than the face orienta- 
tion of the crystal layer are exposed to the outer surface 
in large numbers. The surface energy levels of these 
regions are higher as compared with a surface energy 
level which depends upon the face orientation of the sin- 
gle-crystal surface. With the heat treatment whk^ is per- 
formed in the reducing atnrx>sphere containing hydro- 
gen, the natural oxkie film of the surface is reaK>ved by, 
for example, the reducing acton of hydrogen. Moreover, 
during the heat treatment, no natural oxide film is pro- 
duced in consequerKe of the reducing acton. It is there- 
lore considered that an energy barrier to the migration 
of surface Si atoms will lower, and that Si atoms excited 



by thermal energy will migrate to construct the flat sur- 
face of low surface energy. As the face orientation of the 
single-crystal surface is of lower indices, the flattening 
according to the present invention is promoted more. 

5 [0 1 83] As explained atxjve. the etching rate of silicon 
can be increased using silicon oxide as the material 
which opposes to the surface (SOI layer) to-be-proc- 
essed in the hydrogen annealing. In the present inven- 
tion, accordingly, even when a separation layer formed 

10 by ion implantation renr^ins on the surface of the SOI 
layer after the step of separation, the remains of the sur- 
face of the SOI layer can be efficiently removed by the 
hydrogen annealing. 

[0184] With the ala>osphere containing hydrogen, the 

IS rough surface can be satisfactorily soKxithened even at 
a temperature of 1 200°C or tower at which it cannot be 
smoothened with a nitrogen atmosphere or a rare gas 
atmosphere. The temperatures of the smoothening and 
etching operatons according to the present inventon 

20 shoukJ lie from about 300*'C to bek>w the fusion point of 
the material to-be-processed, preferably be 500" or 
higher, more preferably be eoO'^C or higher, and espe- 
cially be 1200''C or higher, though they depend also up- 
on the compositions, pressures etc. of processing gas- 

2S es. Besides, in a case where the smoothening proceeds 
slowly, the heat-treating period of time is lengthened, 
whereby a snrxx>th surface can be similarly obtained. 
Regarding the influence of the constituent material of 
the opposing surface, the pressure of the gas n^y be 

30 lowered, whereby the etching based on the interaction 
with the opposing surface can be made nrK>re efficient 
even for the same surface interval. This is t>ecause the 
diffusk>n length of gaseous nrtolecuies increase with the 
towering of the pressure. 

3S [0185] Oxygen and water contents rennaining in the 
atmosphere oxidize the surface of silicon and htrxJer the 
smoothening of the surface as a film white the temper- 
ature of the heat treatment is being raised. Therefore, 
the contents need to be suppressed tow. At the high tem- 

40 perature of the heat treatment, the oxygen and water 
contents give rise to the unexpected decrease of the 
thickness of the silicon film on account of oxtoatton + 
etching. Therefore, the contents similarty need to be 
suppressed kyN. In terms of a dew point, the contents 

45 shouto desirably be controlled to -92"C or below. 

[0186] This phenomenon begins to proceed for the 
reason that a surface to-be-processed is heat-treated in 
a clean state. Therefore, in such a case where the nat- 
ural oxide film is formed thick on the surface, it is re- 

so moved by etching with dilute fluoric acid or the like in 
advance of the heat treatment. Thus, it is quickened to 
start the snrKX)thening of the surface. 
[0187] The snxx>th single-crystal surface obtained in 
this way can be used favorably also from the viewpoint 

55 of the production of a semkxxKiuctor device. 

[01 88] No remarkable difference dependent upon the 
material of an opposing surface was not rKtted as to the 
out -diffusion of boron from a Si layer attributed to a heat 
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treatment in an atmosphere containing Hj. This is so 
construed that. sifKO the quantity of boron contained in 
single -crystal silicon is snnaller than about 1/100 relative 
to silicon, the quantity of boron emitted into a gaseous 
phase will be much smaller than the quantity of silicon 
emitted by etching and will rxM become saturated. 
[0189] Yonehara who is one of the inventors of the 
present invention, et al. have reported a process for 
manufacturing a bonded SOI substrate which is excel- 
lent in crystallinity and the uniformity of a film thickness 
and which can be batched (T. Yonehara et al., Appl. 
Phys. Lett., vol. 64. 2108 (1994); and U. S. Patent No. 
5.371.037). 

[01 90] An example of this process is illustrated in the 
schematic sectional flow charts of Figs. 29 to 31. First, 
a porous material layer 62 on a Si substrate 61 is used 
as the material of selective etching. A non-porous crys- 
tal Si layer 63 Is epitaxially grown on the porous material 
layer 62. Thereafter, the resulting St substrate 61 is 
bonded with a second substrate 64 through an oxide Si 
layer 65 (Fig. 29). Subsequently, the first substrate 61 
is thinned from its back surface by a method such as 
grinding, until porous Si is exposed over the whole sur- 
face of the bonded substrate structure (Fig. 30). Subse- 
quently, the exposed porous Si layer 62 is etched and 
removed with a selective etching solution such as KOH 
or a mixed solution consisting of HF + H2O2 (Fig. 31). 
Thus, the SOI substrate is obtained. Also in this case, 
hydrogen annealing should desirably be performed un- 
der the control of the quantity of etching, in order to more 
flatten and smoothen the surface of the SOI layer 63. 
[0191] On this occask>n, the selection ratio of the 
etching of the porous Si layer 62 relative to bulk Si (non- 
porous single-crystal Si) can be set as sufficiently high 
as 100.000 times. The SOI substrate can therefore be 
formed in a slate where the r>on-porous single-crystal 
Si layer 63 grown on the porous material 62 beforehand 
is left behind on the second substrate 64 without appre- 
ciably decreasing the thickness of this layer 63. 
[01 92] Further, Sakaguchi who is one of the inventors 
of the present invention, et at. have disck>sed the fact 
that, srrKe the porous material layer 62 shown in Fig. 29 
exhibits a tower mechanical strength, etc. as compared 
with the other regions, the bonded substrate structure 
(in Fig. 29) can be separated by utilizing the porous ma- 
terial layer 62 (official gazette of Japanese Patent Ap- 
plication l^id-Open No. 7-302889). 

(Embodiment 1] 

[0193] The first embodiment of the present invention 
will be described with refererKe to Figs. 2 to 6. 
[0194] Referring to Fig. 2. a first Si single-crystal sub- 
strate 10 is prepared. At least, the principal surface side 
of the first substrate 10 is heat-treated in a reducing at- 
mosphere containing hydrogen, thereby to form in the 
surface of the substrate 1 0 a surface layer portion (less- 
defective layer) 12 in whch defects ascribable to bulk 



are lessened. Although a region 11 and the less-defec- 
tive layer 1 2 are illustrated here so as to change abruptly 
al a certain boundary, they change gradually in their ac- 
tual situatwn. Thereafter. Si02 1 3 is formed in the sur- 

s face layer of the resulting first substrate so as to space 
the level of a bonding interlace from an active layer (an 
SOI layer 16 to be explained later). 
(0 1 95] Subsequently, the bns of at least one element 
annong a rare gas. hydrogen and nitrogen are implanted 

10 from the principal surface of the first substrate 1 0 bear- 
ing the insulator layer 1 3. thereby to form a separatkxi 
layer (ion -implantation accumulation) 14 (Fig. 3). The 
separation layer 14 is formed within the less-defective 
layer 1 2. Since the k>ns are implanted into the less-de- 

'5 fective layer 12, the position of the separaton layer 14 
can be defined strictly and uniformly, 
[0 1 96] Subsequently, as shown in Fig. 4, the resulting 
first substrate 10 is borxled with a second substrate 15 
at a room temperature so that the insulator layer 1 3 may 

^ lie inside. 

[0197] Although Fig. 4 illustrates the state in whch the 
second substrate 1 5 and the first substrate 1 0 are boryj- 
ed to each other through the insulator layer 13. this in- 
sulator layer 1 3 may well be omitted in case of a second 

2S substrate which is not of Si. 

[0198] At the next step, the bonded substrate struc- 
ture is separated or divided at the separatkxi layer 14 
(Fig. 5). The separation is effected by heat-treating the 
txxided substrate structure at a temperature of 400" C 

30 to 600°C. 

[0 1 99] After the separation, defects such as micropo- 
res and dislocatkxis are sometimes involved in the sep- 
aration layer 14 remaining on the second substrate 15. 
and hence, the remaining separatKn layer 14 is selec- 

35 lively removed. 

[0200] The selective removal is done using a desired 
etching solutkxi. In a case where the remaining part of 
the separatkxi layer 14 is slight it can also be ren>oved 
by hydrogen annealing. Attemativety. the k>n-implanta- 

40 tion accumutatkxt layer 1 4 is removed by selective pol- 
ishing in which the SOI layer 16 is used as a polishing 
stopper. The removal can also be done by ordinary pol- 
ishing, fx>t by the selective polishing. 
[0201] Besties. in a case where the bonded substrate 

4S structure is separated at the interface between the SOI 
layer 16 arxJ the separatkxi layer 14, the step of remov- 
ing the remaining separatkxi layer 14 can be dispensed 
with. 

[0202] Fig. 6 shows a semkxxiductor substrate whch 
so is obtained according to the present invention. The sec- 
ond substrate 15 is overlaki with the SOI layer, for ex- 
ample, single-crystal Si thin film 16 whk:h is flattened 
and is uniformly thinned, and whk^h is formed in a large 
area over the wtwile wafer. When the first and second 
ss substrates are bonded together through the insulator 
layer 1 3. the semiconductor substrate thus obtained can 
be approprtatety used also from the viewpoint of produc- 
ing the isolated elements of an electron devk^e. 
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[0203] The tirst Si single-crystal subslraie 11 can be 
used as a new first Si single-crystal substrate 11 or the 
next second substrate 15 again after removing the re- 
maining ion -implantation accumulation layer 1 4 (and af- 
ter surface flattening in a case where the surlace of the 
first substrate 11 is rough to an unallowable degree). 
[0204] The ion-implantation accumulation 14 on the 
first substrate side can also be reused through only a 
surface flattening process such as the heat treatment in 
the hydrogen containing atmosphere as explained 
above. 

[Embodiment 2) 

[0205] The second embodiment of the present inven- 
tion will be described with reference to Figs. 7 to 11 . 
[0206] Referring to Fig. 7, a first Si single-crystal sub- 
strate 21 is prepared. The ions of at least one element 
among a rare gas. hydrogen and nitrogen are implanted 
from the prirx;ipal surface of the first substrate 21 . there- 
by to form ion-implantalion accumulation {a separation 
layer) 24 within the first substrate 21. The previous for- 
mation of Si02 23 as a surlace layer is nx>re favorable 
for the reason that the surface of the first substrate 21 
can be prevented from being roughened by the ion im- 
plantation. In the case where the SiO^ layer 23 has been 
formed, it is removed. Thereafter, at least the side of the 
principal surface of the substrate 21 is heat-treated in a 
reducing atrTK>sphere containing hydrogen, thereby to 
form in the surlace of the substrate 21 a layer (less -de- 
fective layer 22) in which defects ascribable to bulk are 
lessened (Fig. 8). In this embodiment, the hydrogen an- 
nealing should desirably be perfornr^ed at a lower tem- 
perature of 500' C or lower, or for a shorter time period 
of several seconds to several tens secorKjs. Herein, el- 
ement structures such as MOSFETs may well be formed 
in the less-defective layer 22. Further, the previous for- 
mation of SiO^ 25 as the surlace layer of the less-de- 
fective layer 22 is more favorable in the sense that the 
level of a bonding interface can be spaced from the ac- 
tive layer 22. As shown in Fig. 9, the surfaces of a sec- 
ond substrate 26 and the resulting first substrate 21 are 
txxided together at room temperature. 
[0207] In a case where the txxiding strength of both 
the substrates is r>ot sufficient, the bonded substrate 
structure is heat-treated at at>out 400° C or is pressed. 
[0208] Subsequently, the bonded substrate structure 
is separated or divided at the separation layer 24 (Fig. 
1 0). The separation is done by a method in which a fluid, 
for example, a liquid such as water or a gas such as 
nitrogen gas is sprayed against the side surface of the 
tx>nded substrate structure. Of course, the separation 
is not restricted to the method, but it may well be done 
by driving in a wedge or applying a tensile force. 
[0209] Sirx;e defects such as micropores and disloca- 
tions are sometimes involved in the separation layer 24 
remaining on the second substrate 26. the remaining 
separation layer 24 is selectively rertKwed. 



[0210] The selective removal of the remaining sepa- 
ration layer 24 can be done with an etching solution, or 
by selective polishing in which the SOI layer 22 is used 
as a polishing stopper. In a case where the renr»aining 

s part of the separation layer 24 is very thin or slight, it 
can also be selectively removed by hydrogen annealing. 
In this case, in order to increase the rate of etching 
based on the hydrogen annealing, a substrate bearing 
silicon oxide (Si02) at its surface should desirably be 

10 opposed to the remaining separation layer 24 as an op- 
posing material. 

[0211] It is also allowed to properly combine two or 
three of the renrx)ving methods; the rerroval with the 
etching solution, the removal based on the polishing. 

'5 and the reovDval based on the hydrogen annealing. 
[0212] Fig. 11 shows a semiconductor substrate 
which is obtained according to the present invention. 
The second substrate 26 is overlaid with the single-crys- 
tal Si thin film 22 which is flattened and is uniformly 

^0 thinned, and which is formed in a large area over the 
whole wafer. When the first and second substrates are 
bonded together through the insulator layer 25, the sem- 
iconductor substrate thus obtained can be appropriately 
used also from the viewpoint of producing the isolated 

2S elements of an electron device. 

[021 3] In this embodiment, the less-defective layer 22 
is formed after the formation of the separation layer 24. 
It is therefore possible to obtain the SOI layer 22 from 
which even defects ascribable to the ion inr^plantation for 

30 forming the separation layer 24 have been excluded. 
[0214] By the way, in a case where the separation of 
the bonded substrate structure at the separation layer 
24 is done at the interlace between the SOi layer 22 and 
the separation layer 24, the step of renvTVing the remain- 

3S tng separation layer is omitted, or the surface of the SOI 
layer 22 is sonnewhat etched by hydrogen annealing. 
[0215] The first Si singte^rystat substrate 21 can be 
used as a new first Si single-crystal substrate 21 or the 
next second substrate 26 again after removing the re- 

40 niaining separation layer 24 (and after surface flattening 
in a case where the surface of the flrst substrate 21 is 
rough to an unallowable degree). Of course, when the 
separation at the separation layer 24 is done at the in- 
terface between the second substrate 26 and the sep- 

^5 aration layer 24. the step of removing the remaining sep- 
aration layer 24 can be dispensed with. 
[0216] The separation layer 24 on the first substrate 
side can also be reused through only a surface flattening 
process such as the heat treatment in the hydrogen con- 

so taining atnrwsphere as explained above. 

[0217] In the heat treatment which is performed in the 
reducing atrrx>sphere containing hydrogen, when the re- 
nnaining surface of the separation layer 24 of the second 
substrate 26 blearing the SOI layer 22 is held in opposi- 

55 tion to silicon oxide, the opposing silicon oxide and the 
constituent silicon of the separation layer 24 react 
through the atmosphere as: 
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Si + SiOj -> 2SiO 

It is therefore possible to efficiently remove the remain- 
ing separation layer 24. Simuttaneously. the migration s 
of Si proceeds so as to lower the surface energy of the 
SOi layer 22. with the result \ha{ the surface of this layer 
22 is smoothened. 

(Embodiment 3] io 

(021 8] The third embodiment of the present invention 
will be described with reference to Figs. 12 to 14. 
[0219] As illustrated in Fig. 12. the above-explained 
steps in Emtxxiiments 1 or 2 are performed on both the '5 
surfaces of a first substrate by employing two second 
substrates. This is intended to manufacture two semi- 
conductor substrates (SOI substrates) at the same tirrie. 
[0220] In Fig. 1 2, numeral 31 designates the first sub- 
strate, nunnerals 32 and 35 designate ionHmptanted lay- 20 
ers (separation layers), numerals 33 and 36 designate 
iess-defectfve layers, numerals 34 and 37 desigriate 
SiOg layers, and numerals 38 and 39 designate the sec- 
OTKj substrates. Fig. 12 is a sectional view showing a 
state where, after both the surfaces of the first substrate 25 
31 have been subjected to the steps explained in Em- 
bod tnr>ent 1 . the second substrates 38 and 39 are re- 
spectively txxKJed onto the surfaces of the resulting first 
substrate 31 . Fig. 1 3 is a sectional view showing a state 
where the bonded substrate structure has been sepa- ^ 
rated or divided at the separation layers 32 and 35 like- 
wise to the separation in Embodiment 1 . while Fig. 14 
is a sectional view showing a state where the separation 
layers 32 and 35 have been reouTved. Of course, the 
removal of the renr^ining separation layers can be omit- 3S 
ted when the bonded substrate structure is separated 
at the interfaces between the separation layer 32 and 
the less-defective layer 33 arKi between the separation 
layer 35 and the less-defectrve layer 36. 
[0221] The first Si single-crystal substrate 31 can be ^ 
used as a new first Si single-crystal substrate 31 or the 
next second substrate 38 (or 39) again after removing 
the remaining ion-tmptantation accumulation layers 32 
and 35 {and after surface flattening in a case where the 
surfaces of the first substrate 31 are rough to an unal- 
lowable degree). 

[0222] The ion -implantation accumulation layers 32 
and 35 on the first substrate side can also be reused 
through only a surface flattening process such as the 
heat treatment in the hydrogen containing atnrK}sphere so 
as explained before. 

[0223] The supporting substrates 38 and 39 need not 
be the same substrates. Besides, the insulator layers 
34 and 37 may well l>e omitted. 

[0224] Now, examples of the embodiments of the ss 
present invention will be described in detail with refer- 
ence to the drawings. 



(EXAMPLE 1| 

[0225] There were prepared two. first single-crystal Si 
substrates (8 inches in diameter) fabricated by the C2 
method. Each of the first substrates was subjected to 
hydrogen annealing, to enhance the quality of its sur- 
face layer, in other words, to form a less-defective layer 
in (ts surface. The hydrogen annealing was performed 
under the conditions of an atmosphere of H2 gas. a tem- 
perature of 1 200° C and for a time period of one hour. 
[0226] After one of the two CZ silicon wafers slated 
above was cleaned with the SC-1 washing liquid (a 
mixed solution consisting of 1 .0 weight-% of NH4OH, 6.0 
weight -% of H2O2. and water), the number of COPs in- 
volved in the surface of the washed wafer was detected 
by a foreign-matter inspection device. Then, the number 
of COPs was 8 per unit wafer. That is, the density of 
COPs was about 0.02/cn>2. Herein, particles wt>ose siz- 
es were approximately more than 0. 1 ^m were detected 
as the COPs. 

[0227] Incidentally, the number X of COPs per unit 
wafer shall be expressed as "X/W below. 
[0228] The surface of the first substrate (the other CZ 
silicon wafer) was formed with an SiOg layer of 200 nm 
by thermal oxidation. Further, ions H* were inrtplanted 
into the first substrate through the surface Si02 layer 
thereof under the conditions of an acceleration energy 
of 40 keV and a dose of 5 X 10^® cm*2. The projection 
range of the ion implantation was adjusted so as to lie 
within the less-defective layer Thus, the first substrate 
came to have the single-crystal silicon layer (SOI layer 
or less-defective layer) on a separation layer. 
[0229] The surface of the resulting first substrate on 
the Si02 layer side thereof was placed on and touched 
with the surface of a Si substrate (second substrate) pre- 
pared separately When the touched substrate structure 
was heat-treated at 600*'C. it was separated or divided 
into two parts near the projection range of the ion im- 
plantatkxi: Since the ion-implanted layer (separation 
layer) was porous, the surfaces of the separated parts 
were rough. The separatkxi layer renr^ining on the re- 
sulting second substrate was removed in such a way 
that the surface of the secoruj substrate side was selec- 
tively etched while a mixed solutkxi consisting of 49% 
of hydrofluoric ackJ. 30% of hydrogen peroxkie and wa- 
ter was being stirred. The single-crystal Si of the SOI 
layer remained without being etched, and the kxi-im- 
planted layer was selectively etched and completely re- 
moved with the single-crystal Si as an etch stopping ma- 
terial. 

[0230] The rate of the etching of the non-porous Si 
single crystal by the above etching liquid is very k>w, and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstroo^s) corresponds to a thick- 
ness decrease which is negligible in practical use. 
[0231] Apart from the selective etching. r>on-selectfve 
etching or polishing such as touch -polish and CMP can 
be employed for removing the kxi implanted layer. This 
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is the same to other examples. In case of the polishing, 
the surface of the SOI substrate need not be flattened 
by a heat treatment in hydrogen. However, in a case 
where polishing damages remain, it is more favorable 
to perform the heat treatment or lo remove the surface 
layer ol the SOI substrate. 

[0232] Concretely, a single -crystal Si layer having a 
thickness of 0.2 ^m could be formed on the Si oxide film. 
The thickness of the formed single-crystal Si layer was 
measured at 100 points over the whole surface of the 
SOI substrate. Then, the uniformity of the layer thick- 
ness was 201 nm ± 6 nm. In this manner, the manufac- 
tured SOI substrate was very excellent in the uniformity 
of the thickness of the SOI layer. The number of COP 
defects involved in the surface of the SOI layer was 
65/W. Since the number of COPs involved in the surface 
of an ordinary CZ wafer is 400/W or so, it Is understood 
that the SOI layer being much less defective has been 
obtained according to the present inventkxi. 
[0233] Further, the SOI substrate was heat-treated at 
IIOO^C in hydrogen for one hour When the surface 
roughness of the resulting SOt substrate was estimated 
with an interatomic-lorce microscope, the root-mean- 
square thereof (Rf^) in a region of 50 pm-square was 
about 0.2 nm and was equivalent to that of an ordinary 
Si wafer commercially available. The number of COPs 
involved in the surface of the SOI layer was 8/W. 
[0234] Incidentally, when the SOI layer is subjected to 
hydrogen annealing after the separation step, the 
number of COPs in the outermost surface of the SOI 
layer can be further lessened, and the distribution of de- 
fects within the SOI layer can be uniformalized. These 
effects will be concretely explained in conjunction with 
Fig- 23. 

[0235] Fig. 23 is a graph showing the relationship be- 
tween the number of COPs per unit wafer and a depth 
from a wafer surface, as to each of a CZ silicon wafer 
(8 inches in diameter) ar>d a wafer obtained by subject- 
ing the CZ silkxxY wafer to hydrogen annealing ('NIKKEI 
MICRODEVICEV Feb. issue (1998), p. 31). In the CZ 
silicon wafer subjected to the hydrogen annealing, the 
number of COPs is the smallest in the vicinity of the wa- 
fer surface and becomes larger with the depth from the 
wafer surface as seen from the graph, though the situ- 
ation differs depending also upon the conditions of the 
hydrogen annealing. 

[0236] By way of example, an SCH substrate is formed 
in such a way that the projection range of bns (a sepa- 
raton layer) is set near 400 nm from the surface of the 
CZ silicon wafer having undergone the hydrogen an- 
nealing, ihaX the resulting wafer is bonded with a second 
substrate, ar>d that the bonded structure is thereafter 
separated at the separation layer. In this case, the 
number of COPs is the largest at the outermost surface 
of an SOI layer, and it becomes smaller as the interface 
t}etween the SOI layer and an insulator layer comes 
nearer. Accordingly, in a case where the number of 
COPs in the vicinity of the surface of the SOI layer needs 



to be further decreased, it is more favorable to perform 
the hydrogen annealing even after the separation step. 
On this occasion, both the surfaces of the SOI layer are 
made less defective by the hydrogen annealing. 

5 [0237] By the way. in order to facilitate the detection 
of the number (density) of COPs involved in the surface 
of the SOI layer, the SOI substrate was processed with 
the SC-1 liquid (a mixed solution consisting of 1.0 
weight-% of NH4OH, 6.0 weight-% of HjOg, and water) 

10 for 10 minutes. Besides, the detection was done using 
a surface-particle inspection instrument (for example. 
•SP-1 " fabricated by KLA Tencor Inc.). 
[0238] Even when the separated SOI subslrate left in- 
tact is heat-treated in hydrogen without rerrx^ving the re- 

15 maining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening ol the surface of the 
SOI layer are simuttaneousty caused by the migration 
of Si. with the result that the ton-implanted layer is ex- 
tinguished. 

20 [0239] The section of the Si layer was observed with 
a transmission electron microscope. As a result, it was 
confirmed that no new crystal defect was introduced into 
the Si layer, and that a good crystatlinity was kept in the 
Si layer. 

2S [0240] Also, the ion-implanted layer remaining on the 
first substrate side was selectively etched while a mixed 
solution comprising of 49% concentration of hydrofluoric 
acid. 30% concentratkxi of hydrogen peroxide and wa- 
ter was being stirred. Thereafter, the first substrate was 

30 subjected to a surface process such as hydrogen an- 
nealing or surface polishing. The resulting first substrate 
couW be used as a new first substrate or a new second 
substrate again. 

[0241] Even when the separated first substrate left in- 
35 tact is heat-treated in hydrogen without renxiving the re- 
nr^tning kxi-inr^tanted layer, the exclusion of mk:ropo- 
res and defects and the flattening of the sudace of the 
substrate are simultaneously caused by the migratbn 
of Si, with the result that the bn-implanted layer is ex- 
^0 tinguished. 

[0242] Incidentally, the k>n-implanted region also ex- 
hibits a gettering effect. Even in the presence of metal 
impurities, it is possible to separate the two bonded sub- 
strates after the impurities have been gettered by the 
4S kxi-implanted region, and to thereafter remove the re- 
sulting ion-implanted region. Therefore, the SOI sub- 
strate according to the present invention is also effective 
in case of contaminatkxi with the impurities. 

so (EXAMPLE 2) 

[0243] There were prepared two, first single-crystal Si 
substrates (6 inches in diameter) fabricated by the CZ 
method. Each of the first substrates was heat-treated 
55 under conditkxis mentioned below, to enhance the qual- 
ity of its surface layer. One of the two first substrates 
was used for an ar^lysis. 

[0244] The heat treatment (hydrogen annealing) was 
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pertormed under Iho conditions of an atmosphere of Hj 
gas, a temperature of 1200'C and for a time period of 
two hours, whereby a less-defective layer was formed 
in the surface of each first substrate. When the number 
of COPs involved in the surface layer of the first sub- 
strate for the analytic use was inspected with a foreign - 
matter inspection device, it was about 5/W. 
[0245] Further, ions H* were implanted into the first 
substrate under the conditions of an acceleration volt- 
age of 50 keV and a dose of 6 x 10'® cm-2. The projec- 
tion range of the ion implantation lay in the vicinity of 
about 600 nm measured from the surface of the sub- 
strate. 

[0246] The surface of the resulting first substrate was 
placed on and touched with the surface of a Si substrate 
(second substrate) which was formed with an SiOj layer 
of 500 nm and which was prepared separately. When 
the touched substrate structure was annealed at SSO'C, 
it was separated or divided into two parts near the pro- 
jection range of the ton implantation. Since the ion-im- 
planted layer was porous, the surfaces of the separated 
parts were rough. The surface on the secor>d substrate 
side was selectivety etched while a mixed solution con- 
sisting of 49% of fluoric acid. 30% of hydrogen peroxide 
and water was being stirred. The single-crystal Si of the 
SOI layer remained without being etched, and the ion- 
irrtplanted layer was selectively etched and completely 
removed with the single-crystal Si as an etch stopping 
material. 

[0247] Apart from the selective etching, non-selective 
etching or polishing can be employed for removing the 
ion-tmplanted layer. In case of the polishing, the surface 
of the SOI substrate need r>ot be flattened by a heat 
treatment in hydrogen. However, in a case where pol- 
ishing dannages remain, it is more favorable to perform 
the heat treatment or to remove the surface layer of the 
SOI substrate. 

[0248] The rate of the etching of the non-porous Si 
single crystal by the above etching liquid is very low, and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstroms) corresponds to a thick- 
ness decrease whch is negligible in practical use. 
[0249] Thereafter, only the extreme surface of the 
non -porous Si single crystal was flattened by polishing. 
[0250] Concretely, a single-crystal Si layer (SOI layer) 
having a thtekness of 0.5 nm ooukJ be formed on the Si 
oxide film. The thk;kness of the formed single-crystal Si 
layer was measured at 100 points over the whole sur- 
face of the SOI substrate. Then, the uniformity of the 
layer thickness was 498 nm ± 15 nm. The number of 
COPs involved in the surface of the SOI layer was on 
the order of 50/W. In this nnanner, the number of COPs 
was 50/W in the outer surface of the SOI layer. Besides, 
the number of COPs within the SOI layer on the Si oxide 
film side thereof was 5/W. It is accordingly understood 
that the density of the COPs k)wers from the outer sur- 
face of the SOI layer toward the interior thereof. Since 
the number of COPs involved in the surface of an ordi- 



nary CZ wafer is 400/W or so, it is understood that the 
SOI layer is made much less defective according to the 
present invention. 

[0251] When the surface roughness ol the resulting 
s SOI substrate was estimated with an interatomic -force 
microscope, the root -mean -square thereof (R^g) in a 
regkxi of 50 ^m-square was about 0.2 nm and was 
equivalent to that of an ordinary Si wafer commercially 
available. 

10 [0252] The sectkxi of the Si layer was observed with 
a transmission electron microscope. /Vs a result, it was 
confirmed that no new crystal defect was introduced into 
the Si layer, and that a good crystal! inity was kept in the 
Si layer. 

'5 [0253] By the way, when the SOI substrate obtained 
in this example is further subjected to hydrogen anneal- 
ing, the number of COPs involved in the surface of the 
SOI layer can be further lessened to become ck^er to 
the number of COPs (5/W) involved in the intenor of the 

^0 SOI layer vctnal to the Si oxide film, 

[0254] In this nr^nner, both the surfaces of the single- 
crystal silicon layer being the SOI layer on the Si oxkie 
film are subjected to the hydrogen annealing, whereby 
the defects of COPs etc. inherent in the bulk wafer as 

2S are involved in the SOI layer can be decreased. Even if 
the defects remain yet, the distribution thereof can be 
substantially uniformalized within the SOI layer. 
[0255] Also, the ion-implanted layer remaining on the 
first substrate side was selectively etched while a mixed 

30 solution consisting of 49% of hydrofluorc ackl. 30% of 
hydrogen peroxide and water was being stirred. There- 
after, the first substrate was subjected to a surface proc- 
ess such as hydrogen annealing or surface polishing. 
The resulting first substrate could be used as a new first 

35 substrate or a new second substrate again. 

[0256] Even v/hen the separated first sut>strate left in- 
tact is heat-treated in hydrogen without removing the re- 
opining kxi-implanted layer, the exclusK>n of mk^ropo- 
res and defects and the flattening of the surface of the 

40 sut>strate are simultaneously caused by the migratkxi 
of Si, with the result that the ion-implanted layer is ex- 
tinguished. 

(EXAIWPLE 3) 

45 

[0257] There was prepared a first single-crystal Si 
substrate (8 inches in diameter) fabrk^ted by the CZ 
method. The first substrate was heat-treated to enhance 
the quality of its surface layer. As the heat treatment. 

50 hydrogen annealing was performed under the condi- 
tions of an atmosphere of Hj gas, a temperature of 
1 200'C arKJ for a time perkxJ of four hours. 
[0258] Further, the surface of the substrate was 
formed with an Si02 layer of 200 nm by thermal oxida- 

55 lion. Besides, kxis H* were implanted into the substrate 
through the surface Si02 layer thereof under the condi- 
tions of an acceleratkn voltage of 40 keV and a dose of 
5 X 10»«cm-2. 
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[0259] The surface of the resulting first substrate was 
placed on and touched with the suflace of a Si substrate 
(second substrate) at a room temperature, the second 
substrate having been formed with an Si02 layer of 500 
nm and prepared separately. Subsequently, the touched 
substrate structure was annealed at 300" C so as to 
strengthen the bonding force of the first and secorKi sub- 
strates. Thereafter, the bonded substrate structure was 
separated or divided at a separation layer (ion-implant- 
ed layer formed by the ion implantation stated above) 
by spraying a water jet with high water pressure (about 
200 kg-f/cm2) against the peripheral side surface of this 
bonded substrate structure. Herein, the bonded sub- 
strate structure was separated into two parts near the 
projection range of the ion implantation. Since the ion- 
implanted layer was porous, the surfaces of the sepa- 
rated parts were rough. The surface on the second sub- 
strate side was selectively etched to remove the remain- 
ing part of the separation layer, while a mixed solution 
consisting of 49% of fluoric acid. 30% of hydrogen per- 
oxide and water was being stirred. The single-crystal Si 
of an SOI layer formed remained without being etched, 
and the ion-implanted layer was selectively etched and 
completely removed with the single-crystal Si as an etch 
stopping material. 

[0260] Apart from the selective etching, non-selective 
etching or polishing can be employed for rerrxjving the 
ion-implanted layer. In case of the polishing, the surface 
of the SOI substrate formed need not be flattened by a 
heat treatment in hydrogen. However, in a case where 
polishing damages remain, it is more favorable to per- 
form the heat treatment or to ren>ove the surface layer 
of the SOI substrate. 

[0261] The rate of the etching of the non-porous Si 
single crystal by the atxave etching liquid is very tow, and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstronts) corresponds to a thick- 
ness decrease which is negligible In practical use. 
[0262] Concretely, a single-crystal Si layer having a 
thickness of 0.2 ^m coukj be formed on the Si oxide film. 
The thickness of the fonned single-crystal St layer was 
measured at 100 ponts over the whole surface of the 
SOI substrate. Then, the uniformity of the layer thick- 
ness was 201 nm ± 6 nm. 

[0263] Further, the SOI substrate was subjected to a 
heat treatment at 1100'C in hydrogen for one hour 
When the surface roughness of the resulting SOI sub- 
strate was estimated with an interatomic -force micro- 
scope, the root-mean-square thereof (Rrms) ^ region 
of 50 pm -square was about 0.2 nm and was equivalent 
to that of an ordinary Si wafer commercially available. 
After the surface of the single-crystal silicon layer on the 
SiOj layer was washed with the SC-1 washing liquid, 
the number of CX^Ps involved in the washed surface was 
measured by a loreign-fnatter inspection device. Then, 
the number of CX>Ps was 3/W. 

[0264] Incidentally, even when the separated SOI 
substrate left intact is heat-treated in hydrogen without 



removing the remaining ion-implanted layer, the exclu- 
sion of micropores and defects and the flattening of the 
surface of the SOI layer are simultaneously caused by 
the migration of St. with the result that the ion-implanted 

5 layer is extinguished. 

[0265] The section of the Si layer was observed with 
a transmission electron microscope. As a result, it was 
confirmed that no new crystal delect was introduced into 
the Si layer, and that a good crystallinity was kept in the 

10 Si layer 

[0266] Also, the ion -implanted layer renriaining on the 
first substrate side was selectively etched while the 
mixed solution consisting of 49% of hydrofluoric acid. 
30% of hydrogen peroxide and water was being stirred. 

IS Thereafter, the first substrate was subjected to a surface 
process such as hydrogen annealing or surface polish- 
ing The resulting first substrate coukj be used as a new 
first substrate or a new second substrate again. 
[0267] Even when the separated first substrate left in- 

20 tact is heat-treated in hydrogen without rerrxiving the re- 
nnaining ion-implanted layer, the excluston of mcropo- 
res and defects and the flattening of the surface of the 
SOI layer are simultaneously caused by the migration 
of Si, with the result that the kxi-implanted layer is ex- 

2S tinguished. 

[0268] Although the bonded substrate structure was 
separated by the water jet in this exanple. it can alter- 
natively be separated by spraying a gas. such as nitro- 
gen gas, under high pressure. 

30 

(EXAfy/IPLE 4) 

[0269] There was prepared a first single-crystal Si 
substrate (8 inches in diameter) fabrcated Ijy the CZ 

3S method. The first substrate was heat-treated to enhance 
the quality of its surface layer As the heat treatment, 
hydrogen annealing was performed under the corKli- 
tions of an atnrxjsphere of H2 gas. a temperature of 
1 1 0O^C ar>d a time period of four hours. 

40 [0270] Further, the surface of the substrate was 
formed with an SiOg layer of 200 nm by thermal oxida- 
tion. BeskJes, tons H* were implanted into the substrate 
through the surface S(02 layer thereof under the condi- 
tions of an acceleratton voltage of 40 keV and a dose of 

4S 5 X 10'ficm-2 

[0271] The surface of the Si02 layer of the first sub- 
strate and the surface of a f used-quartz substrate (sec- 
ond substrate) separately prepared were processed 
with a plasnna. and were washed with water. Thereafter, 

so the first and second substrates were placed on and 
touched with each other. When the touched substrate 
structure was annealed at 600**C, it was separated or 
divided into two parts near the projection range of the 
ton implantatton. Since the ton-implanted layer was po- 

ss rous. the surfaces of the separated parts were rough. 
The surface on the second substrate skJe was selective- 
ly etched while a mixed solution consisting of 49% of 
fluork; ackJ. 30% of hydrogen peroxide and water was 
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being slirred. The single-crystal Si of the SOI layer 
formed remained without being etched, and the ion -im- 
planted layer was selectively etched and completely re- 
moved with the single -crystal Si as an etch stopping ma- 
terial. 

(0272] Apart from the selective etching, non-selective 
etching or polishing can be employed tor removing the 
ion-implanted layer. In case of the polishing, the surlace 
of the SOI substrate formed need not be flattened by a 
heal treatment in hydrogen. However, in a case where 
polishing damages remain, it is more favorable to per- 
form the heat treatment or to renrrave the surface layer 
of the SOI substrate. 

[0273] The rate of the etching of the non-porous Si 
single crystal by the above etching liquid is very tow. and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstroms) corresponds to a thick- 
ness decrease which is negligible in practical use. ' 
[0274] Concretely, a single-crystal Si layer having a 
thickness of 0.2 \im couti be formed on the transparent 
quartz substrate. The thickness of the formed single- 
crystal Si layer was measured at 100 points over the 
whole surlace of the SOI substrate. Then, the uniformity 
of the layer thickness was 201 nm ± 6 nm. When the 
number of COPs involved in the surface of the single- 
crystal Si layer was measured, it was about 80/W. 
[0275] Further, the SOI substrate was subjected to a 
heat treatment at 1100*C in hydrogen for one hour. 
When the surface roughness of the resutting SOI sub- 
strate was estimated with an interatomic -force micro- 
scope, the root-mean-square thereof (R^ms) ^ region 
of 50 ^m-square was about 0.2 nm arKJ was equivalent 
to that of an ordinary Si wafer commercially available. 
[0276] Even when the separated SOI substrate left in- 
tact is heat-treated in hydrogen without removing the re- 
nr^intng bn-tmptanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
SOI layer are simultaneously caused by the migration 
of Si. with the result that the kxi-imptanted layer is ex- 
tinguished. 

[0277] The section of the Si layer was observed with 
a transmission election microscope. As a result, it was 
confirmed that no new crystal defect was introduced into 
the Si layer, and that a good crystallinity was kept in the 
Si layer. 

[0278] Also, the bn-implanted layer remaining on the 
first substrate side was selectively etched while the 
mixed solution consisting of 49% of fluork: acki. 30% of 
hydrogen peroxide and water was being stirred. There- 
after, the first sut>strate was subjected to a surface proc- 
ess such as hydrogen annealing or surface polishing. 
The resutting first substrate coukj be used as a new first 
substrate or a new secorKi substrate again. 
[0279] Even when the separated first substrate left in- 
tact is heat-treated in hydrogen without removing the re- 
maining kxi-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
SOI layer are simuftaneousty caused by the migration 



of Si. with the result that the kxi-implanted layer is ex- 
tinguished. 

(EXAMPLE 5) 

5 

[0280] There were prepared two, first single-crystal Si 
substrates (8 inches in diameter) fabricated by the CZ 
method. Each of the first substrates was heat-treated to 
enhance the quality of its surlace layer. More spectfical- 

w ly, the heat treatment was performed under the condi- 
tions of a mixed atmosphere consisting of 4% of Hj gas 
and 96% of Ar gas. a temperature of 1 1 00*C and a time 
period of four hours. Thus, a less-defective layer was 
formed in the surface of the first substrate. 

IS [0281 ] When the number of COPs involved in the sur- 
face layer of one of the two first substrates was meas- 
ured, it was 30/W. 

[0282] Subsequently, the surface of the other first 
substrate was formed with an SiO^ layer of 200 nm by 
^ thermal oxklation. Besides. »or\s were implanted into 
the substrate through the surface Si02 layef thereof un- 
der the conditkxis of an acceleratkx) voltage of 60 keV 
and a dose of 5 x 10'® cm-2. 

[0283] The surface of the Si02 layer of the first sub- 

25 strate and the surface of a sapphire substrate (second 
substrate) separately prepared were processed with a 
plasma, and were washed with water. Thereafter, the 
first and second substrates were placed on and touched 
with each other. When the touched substrate structure 

30 was annealed at 600° C. it was separated or divded into 
two parts near the projectkxi range of the kxi implanta- 
tion. Since the kxi-implanted layer was porous, the sur- 
faces of the separated parts were rough. The surface 
on the secoTKl substrate skfe was selectively etched 

35 while a mixed solutkxi consisting of 49% of fluork: ackj. 
30% of hydrogen peroxkJe and water was being stirred. 
The single-crystal Si of the SOI layer formed remained 
without t>eing etched, and the »n-implanted layer was 
selectively etched and completely removed with the sin- 

40 gle-crystal Si as an etch stopping material. 

[0284] Apart from the selective etching, non-selective 
etching or polishing can be empk)yed for removing the 
ion -implanted layer. In case of the polishing, the surface 
of the SOI substrate formed need not be flattened by a 

45 heat treatment in hydrogen. However, in a case where 
polishing damages remain, it is nryxe favorable to per- 
form the heat treatrrtent or to rerriove the surface layer 
of the SOI substrate. 

[0285] The rate of the etching of the non-porous Si 
50 single crystal by the above etching liqukJ is very tow. and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstrorr^s) corresponds to a thick- 
ness decrease which is negligible in practical use. 
[0286] Thereafter, only the extreme surface of the 
S5 rKxi -porous Si single crystal was flattened by polishing. 
[0287] Concretely, a single-crystal Si layer having a 
thickness of 0.4 jim could be formed on the transparent 
sapphire substrate. The thickness of the formed single- 
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crystal Si layer was measured at lOO points over the 
whole surtace of the SOI substrate. Then, the uniformity 
of the layer thickness was 402 nm ± 12 nm. When the 
number of COPs involved in the surlace of the single - 
crystal Si layer was measured, it was about 1 20/W. 
[0288] When the surtace roughness of the resulting 
SOI substrate was estimated with an interatomic-force 
microscope, the root-mean -square thereof (Hf^^) in a 
region of 50 nm-square was about 0.2 nm and was 
equivalent to that of an ordinary Si wafer conomercially 
available. 

[0289] The section of the Si layer was observed with 
a transmission electron microscope. As a result, it was 
confirmed that no new crystal defect was introduced into 
the Si layer, and that a good crystallinity was kept in the 
Si layer. 

[0290] Also, the kjn-implanted layer remaining on the 
first substrate skJe was selectively etched while the 
mixed solution consisting of 49% of fluoric acid, 30% of 
hydrogen peroxide and water was being stirred. There- 
after, the first substrate was subjected toa surface proc- 
ess such as hydrogen annealing or surface polishing. 
The resulting first substrate coukJ be used as a new first 
substrate or a new secor>d substrate again. 
[0291 ] Even when the separated first substrate left in- 
tact is heat-treated in hydrogen without renxwing the re- 
nnaining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surtace of the 
substrate are simultaneously caused by the migration 
of Si. with the result that the ion-implanted layer is ex- 
tinguished. 

(EXAMPLE 6) 

[0292] There were prepared first single-crystal Si sub- 
strates fabricated by the CZ method. Each of the first 
substrates was heat-treated to enhance the quality of 
its surface layer More specifically, hydrogen annealing 
as the heat treatment was performed under the condi- 
tioos of an atmosphere of gas. a temperature of 
1 1 50**C and a time perkxJ of 10 minutes. 
[0293] Further, the surface of each of the first sub- 
strates was formed with an Si02 layer of 200 nm by ther- 
mal oxidation. Besides, ions H* were implanted into the 
substrate through the surface Si02 layer thereof under 
the conditions of an acceleratkxi voltage of 70 keV and 
a dose of 5 x 10^® cm-2. 

[0294] The surface of the SiOs layer of the first sub- 
strate and the surface of a glass substrate (second sub- 
strate) separately prepared were processed with a plas- 
ma, and were washed with water. Thereafter, the first 
and secoTKj substrates were placed on and touched with 
each other When the touched substrate structure was 
annealed at 6(X)''C, it was separated or divided into two 
parts near the projectkxi range of the ion implantation. 
Since the bn-implanted layer was porous, the surfaces 
of the separated parts were rough. The surface on the 
secoTKl substrate side was selectively etched while a 



mixed solution consisting of 49% of fluoric acid. 30% of 
hydrogen peroxide and water was being stirred. The sin- 
gle-crystal Si ol the SOI layer formed remained without 
being etched, and the ion-implanted layer was selective- 

5 ly etched and completely removed with the single-crys- 
tal Si as an etch stopping material. 
[0295] Apart from the selective etching, non -selective 
etching or polishing can be emp toyed for removing the 
ion-implanted layer In case ol the polishing, the surface 

10 of the SOI substrate formed need not be flattened by a 
heat treatment in hydrogen. However in a case where 
polishing damages remain, it is nrx>re favorable to per- 
form the heat treatment or to remove the surtace layer 
of the SOI substrate. 

IS [0296] The rate of the etching of the non-porous Si 
single crystal by the above etching liquki is very low. and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstroms) corresponds to a thick- 
ness decrease which ts negligible in practical use. 

20 [0297] Thereafter, only the extreme surface of the 
non-porous Si single crystal was flattened by polishing. 
[0298] Concretely, a single-crystal Si layer having a 
thickness of 0.5 \im could be formed on the transparent 
glass substrate. The thickness of the formed single- 

2S crystal Si layer was measured at 1CX) points over the 
whole surface of the SOI substrate. Then, the uniformity 
of the layer thk;kness was 501 nm ± 15 nm. When the 
number of COPs involved in the surface of the single- 
crystal Si layer was measured, it was about 100/W. 

30 Since the number of COPs involved in the surface of an 
ordinary CZ wafer is 400/W or so. ft is understood that 
the SOI layer is made much less defective according to 
the present inventton. 

[0299] When the surface roughness of the resulting 
35 SOI substrate was estinr^ated with an interatomic-force 
microscope, the root-mean-square thereof (R^) in a 
regkxi of 50 jifn-square was about 0.2 nm and was 
equivalent to that of an ordinary Si wafer commercially 
available. 

40 [0300] The sectton of the Si layer was observed with 
a transmission electron microscope. As a result it was 
confirmed that no new crystal defect was introduced into 
the Si layer and that a good crystallinity was kept in the 
Si layer 

4S [0301] Also, the ion-implanted layer renr^ining on the 
first substrate side was selectively etched while the 
mixed solution consisting of 49% of hydrofluork; ackj. 
30% of hydrogen peroxde and water was t>eing stirred. 
Thereafter the first substrate was subjected to a surface 

so process such as hydrogen annealing or surface polish- 
ing. The resulting first substrate could be used as a new 
first substrate or a new second substrate again. 
[0302] Even when the separated first substrate left in- 
tact is heat-treated in hydrogen without rerrvjving the re- 

55 maining ion-implanted layer the exclusk>n of micropo- 
res and defects and the flattening of the surtace of the 
substrate are simultaneously caused by the migratton 
of Si. with the result that the ton-implanted layer is ex- 
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tinguished. 
(EXAMPLE 7) 

[0303] There was prepared a first single -crystal Si 
substrate (6 inches in diameter) fabricated by the CZ 
method. After the surface of the substrate was formed 
with a silicon oxide layer of 200 nm by therrDal oxidation, 
ions were implanted into the substrate through the 
surface SiOg layer thereof under the conditions of an 
acceleration voltage of 80 keV and a dose of 5 X 10^^ 
cm'2. Thereafter, the silicon oxide film of 200 nm was 
etched and removed with HF liquid. Subsequently, the 
resulting first substrate was heat-treated to enhance the 
quality of its surface layer. As the heat treatment, hydro- 
gen annealing was performed under the conditions of 
an atmosphere of Hg gas. a temperature of 1 200" C and 
a time period of one hour. On this occasion, the number 
of CX>Ps involved in the substrate surface was 6/W. 
[0304] An oxide film (Si02) of 200 nm was formed on 
the first substrate by thermal oxidation again. Subse- 
quently, the surface of the SiO^ tayer of the first sub- 
strate and the surface of a Si substrate (second sub- 
strate) separately prepared were placed on and touched 
with each other. When the touched substrate structure 
was annealed at 600*0. it was separated or divided into 
two parts near the projection range of the ion Imptanta- 
tion. Since the ion -implanted layer was porous, the sur- 
faces of the separated parts were rough. The surface 
on the second substrate side was selectively etched 
while a mixed solution consisting of 49% of hydrofluoric 
acid, 30% of hydrogen peroxide and water was being 
stirred. The single-crystal Si of the SOI layer formed re- 
mained without being etched, and the ionnmplanted lay- 
er was selectively etched and completely removed with 
the single-crystal Si as an etch stopping material. 
[0305] Apart from the selective etching. rKXi-selective 
etching or polishing can be employed for removing the 
ion-implanted layer. In case of the polishing, the surface 
of the sot sut>strate fomned need not be flattened by a 
heat treatnDent in hydrogen. However, in a case where 
polishing damages remain, it is more favorable to per- 
form the heat treatment or to remove the surface layer 
of the SOI sut>strate. 

[0306] The rate of the etching of the non-porous Si 
single crystal by the above etching liquid is very low, and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstroms) corresponds to a thick- 
ness decrease which is negligible in practical use. 
[0307] Concretely, a single<rystal Si layer having a 
thickness of 0.2 ^m couUS be formed on the St oxkie film. 
The thk;kness the formed single-crystal Si layer was 
measured at 100 points over the whole surface of the 
SOI substrate. Then, the unifonmity of the layer thick- 
ness was 201 nm ± 6 nm. 

[0308] Further, the SOI substrate was subjected to a 
heat treatment at 1100"C in hydrogen for one hour. 
When the surface roughness of the resulting SOI sub- 



strate was estimated with an interatomic-force micro- 
scope, the root -mean -square thereof (Rn„s) 3 region 
of 50 ^im -square was at>out 0.2 nm and was equivalent 
to that of an ordinary Si wafer commercially available. 
s When the nunr\ber of COPs involved in the surface of 
the single -crystal Si layer was measured, it was about 
8/W. 

[0309] Even when the separated SOI substrate left in- 
tact is heat-treated in hydrogen without removing the re- 
10 maining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
SOI layer are simultaneously caused by the migratran 
of Si, with the result that the ion-implanted layer is ex- 
tinguished. 

[03 1 0] The sectkjn of the Si layer was obsen/ed with 
a transmission electron microscope. As a result, it was 
confirmed that no new crystal defect was introduced into 
the Si layer, and that a good crystallinity was kept in the 
Si layer 

20 [03 1 1 ] Also, the ion-implanled layer remaining on the 
first substrate side was selectively etched %vhite the 
mixed solutkxi consisting of 49% of fluork; acid. 30% of 
hydrogen peroxide and water was being stirred. There- 
after, the first substrate was subjected to a surface proc- 

2S ess such as hydrogen annealing or surface polishing. 
The resulting first substrate could be used as a new first 
substrate or a new second substrate again. 
[031 2] Even when the separated first substrate left in- 
tact is heat-treated in hydrogen witfiout renxsving the re- 

30 maining ion-implanted layer, the exclusbn of mk;ropo- 
res and defects and the flattening of the surface of the 
substrate are simultaneously caused by the migration 
of Si. with the result that the bn-implanted layer is ex- 
tinguished. 

35 

(EXAMPLE 8) 

[031 3] A first single<crystal Si substrate fabncated by 
the CZ method was prepared, and was heat-treated to 

40 enhance the quality of its surface layer. As the heat treat- 
ment, hydrogen annealing was performed urxler the 
conditk^s of an atnrtosphere of Hj gas. a temperature 
of 1200''C and a time period of three hours. 
[0314] Further, the surface of the substrate was 

45 formed with an Si02 layer of 200 nm by thermal oxkJa- 
tion. Besides, tons H* were implanted into the substrate 
through the surface SiOg layer thereof under the condi- 
tions of an acceleration voltage of 40 keV and a dose of 
5x 1016 cm-2 

so [031 5] The surface of the Si02 layer of the first sub- 
strate and the surface of a Si substrate (second sub- 
strate) separately prepared were placed on and touched 
with each other 

[0316] After an oxkie film on the rear surface of the 
55 first substrate was renrxwed. the whole surface of the 
wafer (the touched substrate structure) was irradiated 
with the laser beam of a CO2 laser from the first sub- 
strate skje of the substrate structure. The laser beam of 
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the CO2 laser was absorbed by the Si02 layer of 200 
nm a\ the bonding interface of the substrate structure, 
thereby to suddenly raise the temperatures of and near 
the Si02 layer. In consequence, the substrate structure 
was separated or divided into two parts near the projec- 
tion range of the ion implantation by intense thernr^l 
stresses in an ion-implanted layer (separation layer 
formed by the ion implantation). The laser may be either 
a continuous-wave laser or a pulse laser. 
[0317] Since the ion-implanted layer was porous, the 
surfaces of the separated parts were rough. The surface 
on the second substrate side was selectively etched 
while a mixed solution consisting of 49% of fluoric acid. 
30% of hydrogen peroxide and water was being stirred. 
The single -crystal Si of the SOI layer formed remained 
without being etched, and the ion-implanted layer was 
selectively etched and completely renrK)ved with the sin- 
gle-crystal Si as an etch stopping material. 
[03 1 8] Apart from the selective etching. rKXi-setective 
etching or polishing can be employed for rerrxaving the 
ion-implanted layer. In case of the polishing, the surface 
of the SOI substrate formed need not be flattened by a 
heat treatment in hydrogen. However, in a case where 
polishing damages remain, it is more favorable to per- 
form the heat treatment or to remove the surface layer 
of the SOI substrate. 

[0319] The rate of the etching of the non-porous Si 
single crystal by the above etching liquid is very low. and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstroms) corresponds to a thick- 
ness decrease which is negligible in practical use. 
[0320] Concretely, a single-crystal Si layer having a 
thickness of 0.2 ^m could be formed on the Si oxide film. 
The lhk;kness of the formed single-crystal Si layer was 
measured at 100 points over the whole surface of the 
SOI substrate. Then, the unifomiity of the layer thk:k- 
ness was 201 nm ± 6 nm. 

[0321] Further, the SOI substrate was subjected to a 
heat treatment at 1100*'C in hydrogen for one hour. 
When the surface roughness of the resulting SOI sub- 
strate was estimated with an interatomic-force micro- 
scope, the root-mean-square thereof (RnnJ ^ region 
of 50 ^m-square was about 0.2 nm and was equivalent 
to that of an ordinary Si wafer commercially available. 
When the number of COPs involved in the surface of 
the single-crystal Si layer was measured, it was about 
3/W. 

[0322] Even when the separated SOI substrate left in- 
tact is heat-treated in hydrogen without removing the re- 
maining icn-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
SOI layer are simultaneously caused by the migration 
of Si, with the result that the ion-implanted layer is ex- 
tinguished. 

[0323] The sectkxi of the Si layer was observed with 
a transmisskxi electron microscope. As a result, it was 
confirmed that no new crystal defect was introditced into 
the Si layer, and that a good cryslallinity was kept in the 



Si layer. 

[0324] Also, the ion-implanted layer remaining on the 
first substrate side was selectively etched while the 
mixed solution consisting of 49% of fluoric acid. 30% of 

5 hydrogen peroxide and water was being stirred. There- 
after, the first substrate was subjected to a surface proc- 
ess such as hydrogen annealing or surface polishing. 
The resulting first substrate could be used as a new first 
substrate or a new secorxl substrate again. 

10 [0325] Even when the separated first substrate left in- 
tact is heat-lreated in hydrogen without removing the re- 
maining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
substrate are simultaneously caused by the migration 

IS of Si, with the result that the kxi -implanted layer is ex- 
tinguished. 

(EXAMPLE 9) 

20 [0326] A first single-crystal Si substrate (8 inches in 
diameter) fabricated by the CZ method was prepared, 
and was heat-treated to enhance the quality of its sur- 
face layer As the heat treatment, hydrogen annealing 
was performed under the conditions of an atrnosphere 

25 of H2 gas. a lennperature of 1200**C and a time perkxJ 
of one hour, thereby to form a less-defective layer. 
[0327] The surface of the substrate was formed with 
an Si02 layer of 200 nm by thermal oxklation. Besides, 
ions H* were implanted into the substrate through the 

30 surface SiOg layer thereof under the corKlitions of an 
acceleration voltage of 40 keV and a dose of 5 x 10^® 
cm'2. 

[0328] The surface of the SiOg layer of the first sub- 
strate and the surface of a Si substrate (second sub- 

3S strate) separately prepared were placed on and touched 
with each other. When the SiOg layer and single-crystal 
Si layer at the erxl face of the borxied wafer (substrate 
structure) were etched, the end of an ion-implanted lay- 
er (formed by the k>n implantatkxi) appeared, 

40 [0329] When the resulting bonded wafer was subject- 
ed to pyrogenic oxidation at lOOO'C. the two substrates 
were completely separated or detached within the ion- 
tmplanted layer in ten hours. When the peeled surfaces 
of the substrates were observed, the ion -implanted layer 

45 was turned into Si02 at the outer peripheral part of the 
wafer, but it was substantially unchanged at the central 
part of the wafer. 

[0330] Thereafter, the ion-implanted layer remaining 
on the second substrate side was selectively etched 

so while a mixed solution consisting of 49% of Fluoric acki. 
30% of hydrogen peroxide and water was being stirred. 
The single-crystal Si of the SOI layer formed remained 
without being etched, and the ion-implanted layer was 
selectively etched and completely removed with the sin- 

55 gle-crystal Si as an etch stopping material. 

[0331] Apart from the selective etching, non -selective 
etching or polishing can be empk>yed for rennoving the 
ion-implanted layer. In case of the polishing, the surface 
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of the SOI substrate formed need not be flattened by a 
heat treatment in hydrogen. However, in a case where 
polishing damages remain, it is more favorable to per- 
form the heat treatment or to renrKDve the surface layer 
of the SOI substrate. 

[0332] The rate of the etching of the non -porous Si 
single crystal by the at)Ove etching liquid is very tow. and 
the selection ratio of the etching rate of the non-porous 
Si single crystal to that of the ion-implanted layer is as 
large as 1 0^ or above. Herein, the quantity of the etching 
of the non -porous layer (on the order of several tens 
angstroms) corresponds to a thickness decrease which 
is negligible in practical use. 

[0333] Concretely, a single-crystal Si layer having a 
thickness of 0.2 jjm could be formed on the Si oxkJe film. 
The thckness of the formed single^crystal Si layer was 
measured at 100 points over the wfvDte surface of the 
SOI substrate. Then, the uniformity of the layer thidk- 
ness was 201 nm ± 6 nm. 

[0334] Further, the SOI substrate was subjected to a 
heat treatment at 1100'C in hydrogen for two hours 
When the surtace roughness of the resulting SOI sub- 
strate was estinr«ted with an interatomic-force micro- 
scope, the root-mean-square thereof {R„„s) in a region 
of 50 jim-square was about 0.2 nm and was equivalent 
to that of an ordinary Si wafer commercially available. 
When the number of COPs involved in the surface of 
the single-crystal Si layer was measured, it was about 
8/W. 

[0335] Even when the separated SOt substrate left in- 
tact is heat-treated in hydrogen without removing the re- 
maining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
SOI layer are simultaneously caused by the migration 
of Si, with the result that the ionnmptanted layer is ex- 
tinguished. 

[0336] The section of the Si layer was observed with 
a transmission electron microscope. As a result, it was 
confirmed that no new crystal defect was introduced into 
the Si layer, and that a good crystallinity was kept in the 
Si layer. 

[0337] Also, the ion-implanted layer remaining on the 
first substrate skte was selectively etched while the 
mixed solutkxi consisting of 49% of fluork: ackJ. 30% of 
hydrogen peroxide and water was being stirred. There- 
after, the first substrate was subjected to a surface proc- 
ess such as hydrogen annealing or surface polishing. 
The resutting first substrate couki be used as a new first 
substrate or a new second substrate again. 
[0338] Even when the separated first substrate left in- 
tact is heat-treated in hydrogen without renrKJving the re- 
maining kxi-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
substrate are simultaneously caused by the migration 
of Si. with the result that the ion-implanted layer is ex- 
tinguished. 



(EXAMPLE 10) 

[0339] A first single -crystal Si substrate (8 inches in 
diameter) fabricated by the CZ method was prepared. 

5 and was heat-treated to enhance the quality of Ks sur- 
face layer (into a less -defective layer). As the heal treat- 
ment, hydrogen annealing was performed under the 
conditions of an atmosphere of H2 gas. a temperature 
of 1 200' C and a time period of one hour 

10 [0340] Further, the surface of the substrate was 
formed with an SiOg layer of 200 nm by thermal oxida- 
tion. Besides, kxis H* were implanted into the substrate 
through the surface Si02 layer thereof under the condi- 
tions of an acceleratkxi voltage of 40 keV and a dose of 

IS 5xlO'«cm-2. 

[0341] The surface of the Si02 layer of the first sub- 
strate and the surface of a Si substrate (second sub- 
strate) separately prepared were processed with a plas- 
ma, and were washed with water Thereafter, the first 

^ and second substrates were placed on and touched with 
each other. The resulting substrate structure was heat- 
treated at 300* C for one hour, thereby to heighten the 
bonding strength between the first and second sub- 
strates. When a wedge was entered into the bonded 

^5 substrate structure from the periphery thereof, the struc- 
ture was separated or divided into two parts near the 
project ton range of the ion implantatkxi. Since an ton- 
implanted layer (formed by the ion implantatton) was po- 
rous, the surfaces of the separated parts were rough. 

-30 The surface on the second substrate stoe was selective- 
ly etched while a mixed solutton consisting of 49% of 
fluork: ackf. 30% of hydrogen peroxide and water was 
being stirred. The single-crystal Si of an SOI layer 
formed remained without being etched, and the ion-im- 

3S planted layer was selectively etched and conpletely re- 
HDoved with the single-crystal Si as an etch stopping ma- 
terial. 

[0342] Apart from the selective etching, non-selective 
etching or polishing can be emptoyed for removing the 

^ ton-inplanted layer. In case of the polishing, the surface 
of the SOI substrate formed need not t>e flattened by a 
heat treatment in hydrogen. However, in a case where 
polishing damages remain, it is nx>re favorable to per- 
form the heat treatment or to remove the surface layer 

4S of the SOI substrate. 

[0343] The rate of the etching of the non-porous Si 
single crystal by the above etching liqukJ is very low, and 
the quantity of the etching of the Si single crystal (on the 
order of several tens angstroms) corresponds to a thick- 

so ness decrease which is negligible in practrcal use. 
[0344] Concretely, a single-crystal Si layer having a 
thickness of 0.2 ^im coukf be formed on the Si oxide film 
The thickness of the formed single-crystal Si layer was 
measured at 100 points over the whole surface of the 

55 SOI substrate. Then, the uniformity of the layer thick- 
ness was 201 nm ± 6 nm. 

[0345] Further, the SOI substrate was subjected to a 
heal treatment at 1100'C in hydrogen for two hours. 
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When the surface roughness of the resulting SOI sub- 
strate was estimated with an interatomic-force micro- 
scope, the root -mean -square thereof (R„ns) ^ ^ region 
of 50 ^im-square was atx>u( 0.2 nm and was equivalent 
to that of an ordinary Si wafer commercially available. 
When the number of COPs involved in the surface of 
the single-crystal Si layer was measured, it was about 
8/W. In the measurement of the COPs. the surface of 
the Si layer was washed with the SC-1 washing liquid, 
and the COPs whose particle sizes were about 0. 1 \im 
or larger were measured by a foreign-matter inspection 
device. 

[0346] Even when the separated SOI substrate left in- 
tact is heat-treated in hydrogen without removing the re- 
maining ion -implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
SOI layer are simultaneously caused by the migration 
of Si, with the result that the ion-implanted layer is ex- 
tinguished. 

[0347] The section of the St layer was observed with 
a transmission electron microscope. As a result; rt was 
confirmed that no new crystal defect was introduced into 
the Si layer, and that a good crystallinity was kept in the 
Si layer. 

[0348] Also, the ion-implanted layer remaining on the 
first substrate side was selectively etched while the 
mixed solution consisting of 49% of fluoric acid, 30% of 
hydrogen peroxide and water was being stirred. There- 
after, the first substrate was subjected to a surface proc- 
ess such as hydrogen annealing or surtace polishing. 
The resulting first substrate could be used as a new first 
substrate or a new second substrate again. 
[0349] Even when the separated first substrate left in- 
tact is heat-treated in hydrogen without removing the re- 
maining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surlace of the 
substrate are simultaneously caused by the migration 
of Si. with the result that the ion-implanted layer is ex- 
tinguished. 

(EXAMPLE 11) 

[0350] A first single-crystal Si substrate (8 inches in 
diameter) fabricated by the CZ method was prepared, 
and was heat-treated to enhance the quality of its sur- 
face layer. As the heat treatment, hydrogen annealing 
was performed under the conditions of an atmosphere 
of H2 gas. a temperature of 1200''C and a time period 
of two hours. 

[0351] Further, the surface of the substrate was 
formed with an Si02 layer of 200 nm by thermal oxida- 
tion. Besides, ions H* were implanted into the substrate 
through the surface SiOg layer thereof under the condi- 
tions of an acceleration voltage of 40 keV and a dose of 
5 X 10^«cm*2 

[0352] The surface of the Si02 layer of the first sub- 
strate and the surlace of a Si substrate (second sub- 
strate) separately prepared were processed with a plas- 



ma, and were washed with water. Thereafter, the first 
and second substrates were placed on and touched with 
each other. The resulting substrate structure was heat- 
treated at SOO'C for one hour, thereby to heighten the 

5 bonding strength between the first and second sub- 
strates. When a shearing force was applied to the bond- 
ed substrate structure, the structure was separated or 
divided into two parts near the projection range of the 
ion implantation. Since an ion -implanted layer (formed 

10 by the ion implantation) was porous, the surfaces of the 
separated parts were rough. The surtace on the second 
substrate side was selectively etched while a mixed so- 
lution consisting of 49% of fluoric acid, 30% of hydrogen 
peroxide and water was being stirred. The single -crystal 

IS Si of an SOI layer formed remained without being 
etched, and the kxi -implanted layer was selectively 
etched and completely removed with the single-crystal 
Si as an etch stopping nriaterial. 
[0353] Apart from the selective etching, oon -selective 

^0 etching or polishing can be emptoyed for removing the 
kxi -implanted layer. In case of the polishing, the surface 
of the SOI substrate formed need not be flattened by a 
heat treatment in hydrogen. However, in a case where 
polishing damages remain, it is nrK>re favorable to per- 

2S form the heat treatment or to remove the surface layer 
of the SOI substrate. 

[0354] The rate of the etching of the non-porous Si 
single crystal by the above etching liqukl is very low. and 
the quantity of the etching of the Si single crystal (on the 

30 order of several tens angstroms) corresponds to a thick- 
ness decrease which is negligible in practical use. 
[0355] Concretely, a single-crystal Si layer having a 
thickness of 0,2 ^m couki be formed on the Si oxide film. 
The thrckness of the formed single-crystal Si layer was 

35 measured at 100 points over the whole surface of the 
sot substrate. Then, the uniformity of the layer thick- 
ness was 201 nm ± 6 nm. When the number of COPs 
rivotved in the surlace of the single-crystal Si layer was 
measured, it was 50A/V. 

40 [0356] Further, the SOI substrate was subjected to a 
heat treatment at 1100'C in hydrogen for two hours. 
When the surface roughness of the resulting SOI sub- 
strate was estinr^ted with an interatomk;-force micro- 
scope, the root-mean-square thereof (Rm,s) in a region 

<s of 50 jim-square was atx>ut 0.2 nm and was equivalent 
to that of an ordinary Si wafer cornmerdally available 
When the number of COPs involved in the surface of 
the single-crystal Si layer was measured after the heat 
treatment for two hours, it was 6/W. 

so [0357] Even when the separated SOI substrate left in - 
tact is heat-treated in hydrogen without renxwing the re- 
maining ion-implanted layer, the excluswn of micropo- 
res and defects and the flattening of the surface of the 
SOI layer are simultaneously caused by the migration 

ss of Si, with the result that the ton-implanted layer is ex- 
tinguished. 

[0358] The sectkxi of the Si layer was observed with 
a transmission electron microscope. As a result, it was 
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confirmed lhal no new crystal delect was introduced into 
the Si layer, and that a good crystallinity was kept in the 
Si layer. 

(0359] Also, the ion -implanted layer remaining on the 
first substrate side was selectively etched while the 
mixed solution consisting of 49% of fluoric acid. 30% ol 
hydrogen peroxide and water was being stirred. There- 
after, the first substrate was subjected to a surface proc- 
ess such as hydrogen annealing or surface polishing. 
The resulting first substrate could be used as a new first 
substrate or a new second substrate again. 
[0360] Even when the separated first substrate left in- 
tact is heat-treated in hydrogen without removing the re- 
maining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
substrate are simultaneously caused by the migration 
of Si. wrth the result that the ion-implanted layer is ex- 
tinguished. L 

(EXAMPLE 12) 

[0361] A first single-crystal Si substrate (8 inches in 
diameter) fabricated by the CZ method was prepared, 
and was heat-treated to enhance the quality of its sur- 
face layer. As the heat treatment, hydrogen annealing 
was performed under the conditions of an atmosphere 
of H2 gas. a temperature of 1200'C and a time period 
of one hour. 

[0362] Further, the surface of the substrate was 
formed with an SiOj layer of 200 nm. Besides, hydrogen 
ions were implanted into the substrate through the sur- 
face Si02 layer thereof by the plasma-immersion ion im- 
plantation ufKjer the conditions of an acceleration volt- 
age of 40 keV and a dose of 5 x 10'^ cm-2 
[0363] The surface of the SiOg layer of the first sub- 
strate and the surface of a Si substrate (second sub- 
strate) separately prepared were placed on and touched 
with each other. When the resulting substrate structure 
was annealed at 600^C, it was separated or divided into 
two parts near the projection range of the ion implanta- 
tion. Since an ion-implanted layer (formed by the ion im- 
plantation) was porous, the surfaces of tf>e separated 
parts were rough. The surface on the second substrate 
side was selectively etched while a mixed solution con- 
sisting of 49% of fluoric acid. 30% of hydrogen peroxide 
and water was being stirred. The single-crystal Si of an 
SOI layer formed remained without being etched, and 
the ion-implanted layer was selectivefy etched and com- 
pletely removed with the single-crystal Si as an etch 
stopping material. 

[0364] Apart from the selective etching, non-selective 
etching or polishing can be employed for renxwing the 
ion-implanted layer. In case of the polishing, the surface 
of the SOI substrate formed need not be flattened by a 
heat treatment in hydrogen. However, in a case where 
polishing damages remain, it is more favorable to per- 
form the heat treatment or to renxjve the surface layer 
of the SOI substrate. 



[0365] The rate of the etching ol the non -porous Si 
single crystal by the atK>ve etching liquid is very kfw, and 
the quantity of the etching of the Si single crystal (on the 
order of several lens angstroms) corresponds to a thick- 

s ness decrease which is negligible in practical use. 
[0366] Further, the remaining part ol the first substrate 
corresporxJing to the depth of the ion implantation was 
removed by 'oxkJation + peeling" or 'etching*. 
[0367] Concretely, a single-crystal Si layer having a 

JO thickness of 0.2 ^m couW be formed on the Si oxide film. 
The thickness of the formed single-crystal Si layer was 
measured at 100 points over the whole surface of the 
SOI substrate Then, the uniformity of the layer thick- 
ness was 201 nm ± 7 nm. 

IS [0368] Further, the SOI substrate was subjected to a 
heat treatment at 1100'C in hydrogen for one hour 
When the surface roughness of the resulting SOI sub- 
strate was estio^ted with an interatomc-force micro- 
scope, the root -mean-square thereof (R^) in a region 

20 of 50 ^m-square was about 0.2 nm and was equivalent 
to that of an ordinary Si wafer conrvnercially available. 
When the number of COPs involved in the surface of 
the single-crystal Si layer was measured, it was 10/W. 
[0369] Even when the separated SOI substrate left in- 

25 tact is heat-treated in hydrogen without removing the re- 
maining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
SOI layer are simultaneously caused by the migratkxi 
of Si. with the result that the kxi-implanted layer is ex- 

30 tinguished. 

[0370] The section of the Si layer was observed with 
a transmission electron microscope. As a result, it was 
confirmed that no new crystal defect was introduced into 
the Si layer, and that a good crystallinity was kept in the 

35 Si layer 

[0371] Also, the ion-implanted layer remaining on the 
first substrate side was selectively etched while the 
mixed solutkxi consisting of 49% of fluoric acid. 30% of 
hydrogen peroxkle and water was being stirred. There- 
to after, the fi rst substrate was subjected to a surface proc - 
ess such as hydrogen annealing or surface polishing. 
The resulting first substrate could be used as a new first 
substrate or a new second substrate again. 
[0372] Even when the separated first substrate left in- 
45 tact is heat-treated in hydrogen without renrwing the re- 
maining ion-implanted layer, the exclusk^n of micropo- 
res and detects and the flattening of the surface of the 
substrate are simultaneously caused by the mfgration 
of Si. with the result that the on -implanted layer is ex- 
so tinguished. 

(EXAMPLE 13) 

[0373] Both the surfaces of a first substrate polished 
ss on tKJth these surfaces were subjected to the same 
processing steps as in each of Examples 1 to 12. 
[0374] In any of the foregoing examples, the liquid for 
selectively etching the ion-implanted layer is not restrict - 
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ed lo the mixed solution consisting ol 49% of fluoric acid. 
30% of hydrogen peroxide and water. Since the ion im- 
plantation extends over a very large surface area, the 
ion-implanted layer can be selectively etched even with; 

HF; 

HF + Alcohol; 
HF + H2O2 + Alcohol; 
Buffered HF + HgOa; 
Buffered HF + Alcohol; 
Buffered HF + HgOj + Alcohol; 
Buffered HF; 

or the like, or any of the proper mixed solutions of fluoric 
acid, nitric acid and acetic acid. 
[0375] The other processing steps can also be per- 
formed under various conditions without being restricted 
to the conditions specified in the foregoing examples. 

(EXAMPLE 14) 

[0376] A boron-doped (lOO)-Si wafer of 8 iriches hav- 
ing a resistivity of 10 O-cm arKi fabricated by the CZ 
method, was heat-treated at 1200**C, in a hydrogen at- 
mosphere for one hour. Thereafter, the surface of the 
wafer was oxidized to form an oxide film of 250 nm, and 
the ions of hydrogen were implanted into the resulting 
wafer. The conditions of the ion implantation were an 
acceleration voltage of 50 keV and a dose of 4 X 10^®/ 
cm2. Thus, a first silicon wafer was prepared. 
[0377] The first silicon wafer and a second silKon wa- 
fer were respectively formed with clean surfaces by sub- 
jecting them to the wet wash which is generally em- 
ployed in silicon device processes. Thereafter, the first 
ar>d second silicon wafers were txxxled to each other 
so that the oxide film of 250 nm might lie inside. The 
bonded silicon wafer structure or assembly was set in a 
heat-treating furnace and was heat-treated at 600* C for 
ten hours, thereby to heighten the bonding or adhesion 
strength of the bonding interface t>etween the first and 
second silicon wafers. The atmosphere of the heat treat- 
ment was oxygen. In course of the heat treatment, the 
silicon wafer structure was separated or divided at its 
depth corresponding to the projection range of the ion 
implantation. The single-crystal silicon film of the first 
silicon wafer was transferred onto the second silicon wa- 
fer together with the silkion oxide film, whereby an SOI 
wafer was manufactured. 

[0378] When the thicknesses of the transferred sin- 
gle-crystal silicon film were respectively measured at 
lattice points of 10 mm in the surface of the SOI wafer, 
the average value of the thicknesses was 280 nm. and 
the deviation thereof was ±10 nm. Besides, when the 
surface roughness of the single-crystal silicon film was 
measured at 256 X 256 measurement points in regkxis 
of 1 ^m-square and 50 |im-square by the use of an in- 
teratomic-force microscope, they were 9.4 nm and 8.5 
nm in terms of root-mean-square (Rmts) values, respec- 



tively. 

[0379] A plurality of such SOI wafers each bearing the 
silicon oxide film 57 at its rear surface were set in a ver- 
tical type heat-treating furnace including a core tube 90 

5 made of quartz (illustrated in Fig. 22). A gas 94 was 
caused lo flow downwards in the furnace. As shown in 
Fig. 22. the SOI wafers were horizontally put on a 
quartz-made boat 93 so that Ihe silicon oxide film 57 at 
the rear surface of one of the SOI wafers might confront 

'0 the front surface of the SOI layer 53 of another of the 
SOI waters at a spacing of about 6 mm. and that the 
centers of the SOI wafers might agree with the axis of 
the core tube 90. Further, a silicon wafer 95 commer- 
cially available, which was formed with a silicon oxide 

IS film 96 on the whole surface thereof, was arranged over 
the uppernxDSt SOI wafer at the same spacing. After the 
atmosphere gas in the furnace was replaced with hydro- 
gen, the temperature ol the interior of the furnace was 
raised up to 1 180'C. which was held for two hours. Sub- 

20 sequently, the temperature was lowered again. The wa- 
fers were taken out. and the thickness of the SOI layers 
53 was measured again. The decrement of the thick- 
ness of the SOI wafers was 80.3 nm on the average, 
and the SOI layers 53 became 199.6 nm thk:k. Herein. 

2S when the number of COPs involved in each SOI layer 
was measured, it was about 9/W. 
[0380] In additk>n, the surface roughness of the sin- 
gle-crystal silicon films subjected to the heat treatment 
was measured with the interatomic-force microscope. 

30 Then, the root-mean -square (R^J value of the rough- 
ness was 0. 1 1 nm in the regkxi of 1 >im-square and 0.35 
nm in the region of 50 (im-square. That is. the single- 
crystal silicon films were smoothened equivalently to 
those of ordinary silicon wafers commercially available. 

35 Also, the concentratkxi of boron in the single-crystal sil- 
icon films was measured by the secondary-ion mass 
spectroscopy (SIMS) after the heat treatment. Then, the 
boron corKsentration was towered to 5 x lO^Vcm^ or 
less in all the films and was tow enough to produce sem- 

40 iconductor devices. 

[0381] Besides, when the state of the sections of the 
SOI layers was obsen^ed with a TEM (transmisston 
electron microscope) before and after the heat treat- 
ment in the hydrogen atmosphere, a group of disloca- 

45 tions noted in the vicinity of the surface of each SOI layer 
before the heat treatment were not noted after the heat 
treatment. This is so construed that the distocations in- 
volved in the partial region of the SOI layer removed by 
the etching based on the heat treatment will have been 

so eliminated together with the SOI layer region by the 
etching. 

(EXAMPLE 15) 

55 [0382] A first single -crystal Si substrate fabrcated by 
the CZ method was prepared, and was heat-treated to 
enhar>ce the quality of its surface layer. As the heat treat- 
ment, hydrogen annealing was performed urKler the 
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conditions of an atrT>osphere of H2 gas. a temperature 
of 1200*C and a time period of one hour. 
(0383] Further, the surlace of the substrate was 
formed with an Si02 layer of 200 nm by thermal oxida- 
tion. Besides, ions H* were implanted into the substrate 
through the surface Si02 layer thereof under the condi- 
tions of an acceleration voltage of 40 keV and a dose of 
5 X 1016 cm'2 

[0384] The surface of the Si02 layer of the first sub- 
strate and the surlace of a Si substrate (second sub- 
strate) separatety prepared were processed with a plas- 
ma, and were washed with water. Thereafter, the first 
and second substrates were placed on and touched with 
each other. The resulting substrate structure (wafer 
structure) was heat-treated at SOO'C for one hour, there- 
by to heighten the borKiing strength between the first 
and second substrates. When a water jet having a di- 
ameter of 0.2 mm was sprayed into the beveling gaprof 
the bonded wafer structure, this bonded wafer structure 
was separated or divided into two wafers through an ion- 
implanted layer (formed by the ion implantation). Since 
the ionnmplanted layer was porous, the surfaces of the 
separated wafers were rough. The surface on the sec- 
ond substrate side was selectively etched white a mixed 
solution consisting of 49% of fluoric acid, 30% of hydro- 
gen peroxide and water was being stirred. The single- 
crystal Si of an SOI layer formed rerr^ained without being 
etched, and the ion-implanted layer was selectively 
etched and completely renrxwed with the single-crystal 
Si as an etch stopping material. 
[0385] Apart from the selective etching, non-selective 
etching or polishing can be employed for removing the 
ion-implanted layer In case of the polishing, the surface 
of the SOI sut>strate formed need noX be flattened by a 
heat treatment in hydrogen. However, in a case where 
polishing danr^ages remain, it Is more favorable to per- 
form the heat treatment or to remove the surface layer 
of the SOI substrate. 

[0386] The rate of the etching of the rKXi -porous Si 
single crystal by the above etching liquid is very low, and 
the quantity of the etching of the Si, single crystal (on the 
order of several tens angstroms) correspor>ds to a thick- 
ness decrease whk:h is negligible in practical use. 
[0387] Concretely, a single-crystal Si layer having a 
thrckness of 0.2 could be formed on the Si oxide film. 
The thk;kness of the fomied single-crystal Si layer was 
measured at 100 points over the wttole surface of the 
SOI substrate. Then, the uniformity of the layer thick- 
ness was 201 nm ± 6 nm. 

[0388] Further, the SOI wafer was subjected to a heat 
treatment at 1 1 00* C in hydrogen for one hour. When the 
surface roughness of the resulting SOI wafer was esti- 
mated with an interatomic-force microscope, the root- 
mean-square thereof (R„,„) in a regkxi of 50 jim-square 
was about 0.2 nm and was equivalent to that of an or- 
dinary Si wafer commercially available. When the 
number of COPs involved in the surface of the single- 
crystal Si layer was measured, it was 7/W. 



[0389] Even when the separated SOI wafer left intact 
is heat-treated in hydrogen without removing the re- 
maining ion-implanted layer, the exclusion of micropo- 
res and defects and the flattening of the surface of the 
5 SOI layer are simuttaneously caused by the migration 
o( Si, with the result that the ion-implanted layer is ex- 
tinguished. 

[0390] The section of the Si layer was observed with 
a transmission electron microscope. As a result, it was 
10 confirmed that no new crystal defect was introduced into 
the Si layer, and lhat a good crystallinity was kept in the 
Si layer. 

[0391 ] Also, the ion-implanted layer renrwining on the 
first substrate side was selectively etched while the 

IS mixed solut»n consisting of 49% of fluorc acid. 30% of 
hydrogen peroxide and water was being stirred. There- 
after, the first substrate was subjected to a surface proc- 
ess such as hydrogen annealing or surface polishing. 
The resulting first substrate could be used as a new first 

20 substrate or a new second substrate again. 

[0392] Even when the separated first substrate left in- 
tact is heat-treated in hydrogen without reoxiving the re- 
maining ion-implanted layer, the exclusbn of micropo- 
res an6 defects and the flattening of the surface of the 

2S substrate are simuttaneously caused by the migration 
of Si. with the result that the kn-implanted layer is ex- 
tinguished. 

(EXAMPLE 16) 

30 

[0393] Using a CZ-Si wafer, an SOI substrate was 
manufactured by the following steps: 

(1) First, the CZ-Si wafer was prepared and was 
35 heat-treated at 1 200*C. in gas and for one hour, 

thereby to form a less-defective layer. Incidentally, 
a CZ-Si wafer whk^ was r>ot passed through this 
step (1 ) (in other words, whk:h was not subjected to 
the heat treatment in hydrogen) was also prepared 
40 as a comparative example. 

(2) Each Si wafer was thermally oxidized to form an 
oxkJe (Si02) layer of 2CX) nm. 

(3) Ions were implanted under the corxiitions of 
a dose of 5 X 10' ^/cm^ and an acceleration voltage 

4S of 40 keV, thereby to fomi a separatkxi layer 

(4) The Si wafer and a second substrate (here, a Si 
substrate) were bonded to each other with the oxkje 

, layer lying inskje. 

(5) The bonded wafer structure was heat-treated at 
so 600'C, thereby to be separated or divided at the 

ion-implanted layer (separation layer). 

(6) The ion-implanted layer remaining on the sec- 
ond substrate was selectively etched with a mixed 
solutkxi consisting of HF, and water. The sem- 

ss iconductor layer (SOI layer) of the SOI substrate 
thus formed had a thckness of 200 nm ± 6 nm. 

(7) The SOI substrate was heat-treated at 1100'C. 
in hydrogen for four hours. 
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(8) Each SOI substrate was immersed in a soluticMi 
of 49% HF for 15 minutes. It was thereafter ob- 
served wrth an optical microscope 

[0394] Regarding the SOt substrate in which the SOI s 
layer was the less-defective layer formed by the hydro- 
gen annealing of the step (1 ), when a region of 20 cm^ 
in the surface of the SOI layer was observed, a point 
where the buried oxide film was etched was not found. 
Strictly, the density of such points was below 0.05/cm2. /o 
On the other hand, regarding the SOI substrate which 
employed the Si wafer of the comparative example not 
formed with the less-defective layer, the points where 
the buried oxide film was etched with diametrical sizes 
of about 100 nm were found at a density of 3.2/cnr^, This 
comes from the fact that COPs involved in the Si wafer 
of the conrparative example not having undergone the 
hydrogen annealing were succeeded to by the SOI lay- 
er, and that the HF solution into the SOI layer through 
the positions of the COPs to etch the buried oxide film. 20 
Silicon does not exist at the etched points, and a semi- 
conductor device produced becomes a detective unit. 
[0395] Further, after the defects were actualized by 
the Secco etching, the SOI substrates were observed 
with the opticat microscope. Then, in the SOI substrate 2S 
which employed the Si wafer subjected to the hydrogen 
annealing, the density of etch pits being the defects such 
as FPDs, COPs and OSFs was lO^/cm^. On the other 
hand, in the SOI substrate which employed the Si wafer 
of the comparative example not subjected to the hydro- 30 
gen annealing, the density of etch pits was lO^/cm^. 
[0396] As thus far described, according to the embod- 
iments of the present invention, a layer in which COPs 
etc. have been lessened by heat-treating a wafer in an 
atrTX)sphere containing hydrogen can be transferred to 3S 
another substrate by separating a txxided substrate 
structure (of the wafer ar^d the substrate) through an ion- 
implanted layer Defects inherent in bulk Si as explained 
before can be excluded or lessened in the SOI layer of 
an SOI 8ut)Strate tiy the annealing in the reducing at- 40 
mosphere containng hydrogen, so that the available 
percentage of a semiconductor device can l>e en- 
hanced. 

[0397] Besides, uniformity in the thickness of the SOI 
layer can be enhanced in such a way that the separation 45 
layer is formed by Rnptanting ions into the less-defective 
layer. 

[0398] Moreover, according to the emt>odiments of 
the present inventkxi. even in case of producing a large- 
scale integrated circuit of SOt structure, it is possible to so 
propose a process for manufacturing a semcor>ductor 
substrate which can substitute for an expensive SOS or 
SIMOX. 

[0399] Furtherrrore, according to the embodiments of 
the present inventk>n. even in case of batching a plural- ss 
ity of semiconductor substrate members each of which 
has a single-crystal silicon Htm at its surface, silicon can 
be etched while the quantity of removal of the thickness 
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of the single-crystal silicon is being controlled. There- 
fore, when such an operation is applied to SOI sub- 
strates, it is simultaneously realized to flatten the sur- 
face of each single -crystal silicon film, to tower the t>oron 
concent raton thereof and to etch the silicon thereof, 
with the uniformity of the film thickness kepi. 



Claims 

1 . A process for manufacturing a semiconductor sub- 
strate, comprising: 

the step of preparing a first substrate which has 
a surface layer portion subjected to hydrogen 
annealing; 

the separation-layer fornriation step of implant- 
ing ions of at least one element selected from 
the group consisting of hydrogen, nitrogen and 
rare gases, into sakl first substrate from the 
side of sakj surface layer portkxi. thereby to 
form a separation layer; 
the bonding step of bonding said first substrate 
and a second substrate to each other so that 
sakj surface layer portkxi may lie inside, there- 
by to form a multilayer structure; and 
the transfer step of separating sakJ multilayer 
structure at said separatkxi layer, thereby to 
transfer at least part of sakJ surface layer por- 
tkxi onto said second substrate. 

2. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 , wherein the hydrogen 
annealing is heat-treating a single-crystal silbon 
substrate in a reducing atmosphere which contains 
hydrogen. 

3. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 2. wherein said single- 
crystal silkxxi substrate is a CZ silkxxi wafer. 

4. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 2, wherein said single - 
crystal silicon substrate is an MCZ silkxxi wafer 

5. A process for manufacturing a semiconductor sub - 
strata as defined in Claim 2, wherein said surface 
layer ponkxi is a less-defective layer in whk;h the 
number of COPs (Crystal Originated Partrcles). 
FPDs (Ftow Pattern Defects) or OSFs (Oxidation In- 
duced Stacking Faults) in a single -crystal silicon 
substrate is smaller than in any other region of the 
same substrate. 

6. A process for nr^nufacturing a semiconductor sub- 
strate as defined in Claim 2. wherein the hydrogen 
annealing is performed at a temperature between 
800**C and the melting temperature of sakj first sub- 
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strate inclusive. 

7. A process (or manufacturing a semiconductor sub- 
strate as defined in Claim 2. wtierein the hydrogen 
annealing is performed at a temperature between 
QOO'C and 1350'C inclusive. 

6. A process (or manufacturing a semiconductor sub- 
strate as defined in Claim 1 , wherein the density of 
COPs involved in said surface layer portion is be- 
tween O/cm^ and 5 x lO^/cm^ inclusive. 

9. A process for nwinufacturing a semiconductor sub- 
strate as defined in Claim 1 , wherein the density of 
COPs involved in said surlace layer portion is be- 
tween O/cm^and 1 x lO^/cm^ inclusive. 

10. A process for manufacturing a semiconductor sob- 
strate as defined in Claim 1 , wherein the density of 
COPs involved in said surface layer portion is be-, 
tween O/cm^ arKJ 1 x lO^/cm^ inclusive. 

11 . A process for manufacturing a semiconductor sub- 
strate as defined in any of Claims 8 to 10. wherein 
said density of COPs is the number of COPs per 
unit volume (1 cm^) in a region of a depth which 
extends from the outermost surface of said surface 
layer portion to said separation layer. 

12. A process for manufacturing a semiconductor sub- 
strate as defined \n Claim 1 . wherein the number of 
COPs per unit wafer In a surface of said surface lay- 
er portion is between 0 and 500 inclusive. 

1 3. A process for manufacturing a semiconductor sub- 
' strate as defined in Claim 1 , wherein the number of 

COPs per unit wafer in a surface of said surface lay- 
er portion is between 0 and 100 inclusive. 

14. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein the number of 
COPs per unit wafer in a surface of said surface lay- 
er portion is between 0 and 10 irKlusive. 

15. A process (or manufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein the number of 
COPs per unit area in a surface of said surface layer 
portion is between 0/cm2 and 1 .6/cm2 inclusive. 

16. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein the number of 
COPs per unit area in a surface of said surface layer 
portion is between 0/cm2 and 0.5/cm2 inclusive. 

17. A process (or nnanufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein the number of 
COPs per unit area in a surface of said surface layer 
portion is between O/cm^ 3^^^ o.05/cm2 inclusive. 



18. A process lor manufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein the number of 
OSFs per unit area in a surface of said surlace layer 
portion is between O/cm^ and tO/cm^ inclusive. 

5 

19. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 , wherein the number of 
FPDs per unit area in a surface o( said surface layer 
portion is between O/cm^ and 5 x 1 0^/cm^ inclusive. 

10 and more preferably between O/cm^ and 1 x 10^/ 
cm2 inclusive. 

20. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1, wherein an oxygen 

'5 concentration in a sudace of said sudace layer por- 
tion is bebw 5X10^^ atoms/cm^. 

21. A process (or nnanufacturing a semiconductor sub- 
strate as defined in Claim 5. wherein said separa- 
te tion layer is formed within said less-defective layer. 

22. A process for nrtanufacturing a semiconductor sub- 
strate as defined in Claim 1. wherein said separa- 
tion-layer formation step is performed with an im- 

25 plantation dose ranging from 1 .0 x lO^^/cm^ to 2.0 
X lO^Vcm^ inclusive. 

23. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein said separa- 
te tion layer is a crowd of microbubbles. 

24. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 , wherein said separa- 
tion-layer formation step is performed by plasma ion 

35 implantation. 

25. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1, wherein said separa- 
tion-layer formation step is performed by ion im- 

40 plantation which is done after an insulator layer has 
been formed on said surface layer portion. 

26. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein said bonding 

<5 step is performed by interposing an insulator layer 
between said first substrate and said second sub- 
strate. 

27. A process for manufacturing a semiconductor sub- 
50 Strate as defined in either of Claims 25 and 26. 

wherein said insulator layer is a thermal oxidation 
film which is formed by thermally oxidizing a surface 
of said surface layer portion. 

55 28. A process (or nr^nufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein said second 
substrate is a menrtber selected from the group con- 
sisting of a single-crystal silicon substrate, a quartz 
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substrate, a glass substrate and a compound sem- 
iconductor substrate. 

29. A process for nnanufacturing a semiconductor sub- 
strate as defined in Claim 1 . wherein said bonding 
step is performed by a processing step wtiich in- 
cludes a heat treatment at a temperature between 
a room temperature and 400"C inclusive. 

30. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 , wherein said transfer 
step is performed by separating said multilayer 
structure within said separation layer, at an inter- 
face between said separation layer and said sur- 
face layer portion, at an interlace between said sep- 
aration layer and said first substrate, or by a com- 
bination of at least two of Ihem. 

31. A process for manufacturing a semicorKJuctof sub- 
strate as defined in Claim 1 , wherein said transfer 
step is performed by heat-treating said multilayer 
structure at a temperature between 400** C and 
1000*'C inclusive. 

32. A process for manufacturing a semiconductor sub- 
strate as defined In Claim 1 , wherein said transfer 
step is performed by heat-treating said multilayer 
structure at a temperature between 400** C and 
600**C inclusive. 

33. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1, wherein said transfer 
step is pertomned by spraying a fluid against a side 
surface of said multilayer structure. 

34. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 33, wherein said fluid is 
a member selected from the group consisting of wa- 
ter, air. nitrogen gas, cartx>nic acid gas and rare 
gases. 

35. A process for nnanufacturing a semiconductor sub- 
strate as defined in Claim 1 , wherein said transfer 
step is performed by applying either of a tensile 
force aruJ a shearing force to said multilayer struc- 
ture. 

36. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 1 , further comprising the 
step of renrK>ving said separation layer which re- 
mains on said surface layer portion overlying said 
second substrate, after said transfer step. 

37. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 36, wherein said step of 
removing said separation layer is performed by a 
heat treatment which is done in a reducing atmos- 
phere containing hydrogen. 



38. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 36. wherein said step of 
removing said separation layer is the etching step 
of immersing said separation layer in a member se- 

5 lected from the group consisting of hydrofluoric ac- 
id, a mixed solution in which at least either of alcohol 
and hydrogen peroxide is added to hydrofluoric ac- 
id, buffered hydrofluoric acid, and a mixed solution 
in which at least either of alcohol and hydrogen per- 
10 oxide is added to buffered fluoric acid, whereby said 
separation layer is setectivety subjected to electro- 
less wet chemical etching and is removed. 

39. A process for nDanufacturing a semiconductor sub- 
's strate as defined in Claim 36, wherein said step of 

removing said separation layer is performed by pol- 
ishing said separation layer which renr^ains on said 
second substrate. 

20 40. A process for oianufacturing a semicorKJuctor sub- 
strate as defined in Claim 36, wherein said step of 
removing said separation layer is performed by 
chemimechanical polishing. 

25 41. A process for manufacturing a semicoTKluctor sub- 
strate as defined in any of Clatnrw 38. 39 and 40. 
wherein after said step of removing said separation 
layer remaining on said second substrate by the 
polishing or the etching, said surface layer portion 
30 of said first substrate transferred on said second 
substrate Is heat-treated in a reducing atmosphere 
containing hydrogen. 

42. A process for manufacturing a semiconductor sub- 
35 strate as defined in Claim 1, wherein said surface 

layer portion of said first substrate transferred on 
said second substrate has the tenderx:y that the 
number of COPs per unit wafer decreases with a 
depth of said surface layer portion as measured 
40 from an outside surface thereof. 

43. A process for nr^nufacturing a semicorxJuctor sub- 
strate as defined in Claim 1 . further conr^rising the 
step of heat-treating said surtace layer portion of 

4S said first substrate transferred on said second sub- 
strate, in a reducing atmosphere containing hydro- 
gen, after said transfer step. 

44. A process for manufacturing a semiconductor sub- 
50 strate as defined in Claim 43. wherein the heat treat - 

meni is performed at a temperature t>etween SOO^C 
and the melting temperature of said first substrate 
inclusive. 

55 45. A process for manufacturing a semiconductor sub- 
strate as defined in Claim 43. wherein the heat treat- 
ment is performed at a temperature between 900* C 
and 1 350*C inclusive. 
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46. A process for manufacturing a semiconductor sub- 
strate as defined in either of Claims 37 and 43. 
wherein the heat treatment is performed by arrang- 
ing a surface of said surlace layer portion of said 
first substrate transferred on said secorKj substrate, 
in opposition to silicon oxide. 

47. A process for manufacturing a semiconductor sub- 
strate as defined in either ol Claims 1 and 43. 
wherein after said transfer step, the number of 
COPs involved per unit wafer in a surface of sard 
surlace layer portion is between 0 and 100 inclu- 
sive. 

48. A process for manufacturing a semiconductor sub- 
strate as defined in either of Claims 1 and 43, 
wherein after said transfer step, the number of 
COPs involved per unit wafer in a surface of said 
surface layer portion is between 0 and 10 inclusive. 

49. A process for manufacturing a semicor)ductor sub- 
strate as defined in either of Claims 1 and 43, 
wherein after said transfer step, the number of 
COPs involved per unit area in a surface of said sur- 
face layer portion is between O/cm^ and O.S/cm^ in- 
clusive. 

50. A process for manufacturing a semiconductor sub- 
strate as defined in either of Claims 1 and 43. 
wherein after said transfer step, the number of 
COPs involved per unit area in a surface of said sur- 
face layer portion is between O/cm^ and O.OS/cm^ 
inclusive. 

51. A process for manufacturing a semiconductor sub- 
strate, comprising: 

the step of preparing a first silicon substrate 
which has a surface layer portion subjected to 
hydrogen annealing; 

the separation-layer formation step of tnnplant- 
ing ions of at least one element selected from 
the group consisting of hydrogen, nitrogen and 
rare gases, into said first silicon substrate from 
the side of said surface layer portion, thereby 
to form a separation layer; 
the step of txxiding said first substrate and a 
second substrate to each other, thereby to form 
a multilayer structure; 

the step of heat-treating the first and second 
substrates at a first temperature while said mul- 
tilayer structure is being formed or after said 
multilayer structure has been fornrted; 
the transfer step of separating said multilayer 
structure by utilizing said separation layer, 
thereby to transfer at least part of said surface 
layer portion onto said secor>d substrate; and 
the step of heat-treating said surface layer por- 



tion transferred on said second substrate, at a 
second heat-treating temperature which is 
higher than the first heat-treating temperature. 

5 52. A process (or manufacturing a semiconductor sub- 
strate as defined in Claim 5 1 . wherein the first heat- 
treating temperature is between a room tempera- 
ture and SOO'C inclusive, while the second heat- 
treating temperature is between 800*'C and the 

'0 melting temperature of silicon inclusive. 

53. A process for manufacturing a semiconductor thin 
film, comprising: 

'5 the step of preparing a first silicon substrate 

which has a surface layer portion subjected to 
hydrogen annealing; 

the separation-layer formation step of implant- 
ing ions of at least one element selected from 

20 the group consisting of hydrogen, nitrogen and 

rare gases, into said first silicon substrate from 
the side ol said surface layer portion, thereby 
to form a separation layer; and 
the separation step of separating at least part 

2S of said surface layer portion at said separation 

layer. 

54. A process for nrianufacturing a semiconductor thin 
film as defined in Claim 53, wherein the hydrogen 

30 annealing is heat-treating said surface layer portion 
in a reducing atmosphere which contains hydrogen. 

55. A process for nnanufacturing a semiconductor thin 
film as defined in Claim 54, wherein the heat treat- 

35 ment is performed within a temperature range of 
800**C to the nr^tting temperature of silicon inclu- 
sive. 

56. A process for n^nufacturing a semiconductor thin 
40 film as defined in Claim 53. wherein after said sep- 
aration step, the number of COPs involved per unit 
wafer in a surlace of said surface layer portion is 
between 0 and 100 inclusive. 

45 57. A process for manufacturing a semicorKfuctor thin 
film as defined in Claim 53. wherein after said sep- 
aration step, the number of COPs involved per unit 
wafer in a surlace of said surface layer portion is 
between 0 and 10 inclusive. 

so 

58. A process for manufacturing a semiconductor thin 
film as defined in Claim 53, wherein after said sep- 
aration step, the number of COPs invoh/ed per unit 
area in a surface of said surface layer portion is be- 

55 tween O/cm^ and O.S/cm^ inclusive. 

59. A process for nnanufacturing a semiconductor thin 
film as defined in Claim 53. wherein after said sep- 
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aration step, the number ol COPs involved per unit 
area in a surface of said surface layer portion is be- 
tween 0/cnrt2 and O.OS/cm^ inclusive. 

60. A process for manufacturing a semiconductor sub- 5 
strate. comprising: 

the step of heat-treating a silicon substrate in a 
reducing atmosphere which contain hydrogen; 
the separation -layer fomiation step of implant- to 
ing ions of at least one element selected from 
the group consisting of hydrogen, nitrogen and 
rare gases, into said silicon substrate from the 
side of said surface layer portion, thereby to 
form a separation layer; 
the bonding step of bonding said silicon sub- 
strate and a secorxl substrate to each other, 
thereby to form a multilayer structure; and 
the transfer step of separating said multilayer 
structure at said separation layer, thereby to 20 
transfer at least pari of said surface layer por- 
tion onto said second substrate. 

61. In a multilayer structure wherein a first silicon sub- 
strate and a second substrate are bonded to each 2^ 
other, the first silicon substrate including therein a 
separation layer which has been formed by implant- 
ing ions of at least one element selected from the 
group consisting of hydrogen, nitrogen and rare 
gases; 

a multilayer structure wherein said first silicon 
substrate includes in its surface a surface layer por- 
tion which has been formed by hydrogen annealing. 

62. A process for nr^nufacturing a semiconductor de- 3S 
vice including: 

nnanufacturing a semiconductor substrate ac- 
cording to a process according to any one of 
Claims 1 to 52; and ^ 
forming a semicorKiuctor structure on the sub- 
strate. 
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FIG. 1 
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FIG. 12 
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FIG. 16 

TEMPERATURE-DEPENDENCE OF ETCHING RATE 
DEPENDENT UPON MATERIAL OF OPPOSING SURFACE 
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FIG. 17 QUANTfTY OF ETCHING IN CASES 
WHERE Si AND Si02 OPPOSE 
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FIG. 19 
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FIG, 23 




'Cr WAFER SUBJECTED 
TO HYDRCX3EN ANNEALING 



500 1000 
DEPTH FROM WAFER SURFACE (nm) 



44 



EP0 961 312 A2 



FIG. 22 
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FIG. 24 
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FIG. 29 
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